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ABSTRACT

Neurodevelopmental Mechanisms of Adverse Trauma Outcomes in Emerging Adulthood
by
Olena Kleshchova

Advisor: Mariann Weierich PhD

Background: Exposure to traumatic stress and adversity during the formative years of
development can have adverse effects on mental health, neuroendocrine stress system function,
and the brain, that persist into adulthood. One candidate mechanism that might confer
vulnerability to enduring adverse outcomes of early life trauma is disruption of normal brain
maturation. As the brain matures, functional interactions among brain regions change until the
functional brain architecture (i.e., the functional connectome) reaches a mature state in
adulthood. Given that different neural circuits have distinct developmental trajectories and
sensitive periods, traumatic stress at a given point in development might have distinct effects on
different neural circuits and the brain as a whole. Whereas normative brain development has
been extensively studied, little is known about the effects of traumatic stress on the development
of the human functional connectome as a whole and of distinct neural networks specifically.
Aims and Hypotheses: Our first aim was to test the relationship between trauma exposure
during development and atypical maturity of the functional connectome as a whole and of three
network clusters separately in emerging adulthood. We hypothesized that trauma exposure would
be associated with more age-atypical global functional maturity, greater functional maturity of
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the affective networks, lower functional maturity of the cognitive networks, and age-appropriate
functional maturity of the sensory-motor networks. Our second aim was to determine the relative
contributions of atypical global and network-specific functional maturity to adverse
psychological and physiological outcomes of trauma exposure in emerging adulthood. We
hypothesized that age-atypical global and network-specific functional maturity would be
associated with specific trauma outcomes and would moderate the relationship between trauma
exposure and trauma outcomes. Our third aim was to test the impact of trauma characteristics,
including trauma timing, trauma type, and number of traumatic events, on the global and
network-specific maturity of the functional connectome and trauma outcomes in emerging
adulthood. We hypothesized that age-atypical global and network-specific functional maturity
would moderate the relationship between specific trauma characteristics and trauma outcomes.
Method: 29 trauma-exposed (TE) women and 19 no-trauma (NTE) controls (ages 18-29)
completed a resting-state functional magnetic resonance imaging (fMRI) scan and a structured
clinical interview to assess trauma exposure and trauma-related symptoms. In addition, we
measured sympathetic nervous system (SNS) activity and hypothalamic-pituitary-adrenal (HPA)
axis activity, indexed by salivary alpha-amylase and cortisol, respectively, at baseline and in
response to a trauma reminder. We used resting-state fMRI data from 79 healthy no-trauma
controls ages 6-45 from the Nathan Kline Institute-Rockland Sample to build four normative
models of functional connectome development using support vector regression: one global and
three network-specific (cognitive, affective, and sensory-motor networks). We then used the four
global and network-specific normative models to predict the age of each TE and NTE participant
based on their whole-brain or network-specific functional connectivity. We tested trauma-related
differences in global and network-specific maturity, indexed by signed and absolute differences

v

between actual and predicted ages in TE and NTE women. We also tested associations between
functional brain maturity and adverse trauma outcomes, including perceived stress, number of
current psychiatric diagnoses, trauma-related symptoms, and stress system function. In addition,
we tested associations between trauma characteristics, including trauma timing, trauma type, and
number of traumatic events, and functional brain maturity. Finally, we tested functional brain
maturity as a moderator of the relationship between trauma exposure and adverse trauma
outcomes in emerging adulthood.
Results: TE women and NTE controls showed similar functional maturity of the brain as a
whole and of the cognitive, affective, and sensory-motor networks separately. However, number
of traumatic events was associated with more age-atypical global brain maturity, whereas history
of sexual trauma was associated with more age-atypical affective network maturity in emerging
adulthood. More age-atypical global brain maturity was in turn associated with a greater number
of psychiatric diagnoses in emerging adulthood and moderated the relationship between number
of psychiatric diagnoses and number of traumatic events. In addition, age-atypical global brain
maturity moderated the relationship between age at the earliest trauma and number of psychiatric
diagnoses, as well as basal SNS and HPA blunting. Finally, our preliminary follow-up analyses
showed that lower affective network maturity in emerging adulthood was associated with
adverse clinical outcomes, such as a greater number of current and lifetime psychiatric
diagnoses, and blunted basal SNS activity in trauma-exposed women, especially those with a
history of multiple traumatic events and sexual trauma during development.
Conclusions: Our results suggest that traumatic stress during development might disrupt
brain maturation and result in age-atypical functional brain maturity in emerging adulthood.
However, the effects of trauma on neurodevelopment and mental health outcomes depend on
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specific trauma characteristics, such as trauma timing, trauma type, and number of traumatic
events. In addition, vulnerability to adverse clinical and physiological outcomes in traumaexposed people seems to be related to two distinct processes: 1) a global shift towards
accelerated maturation, which was associated with elevated HPA reactivity to trauma reminders,
and 2) a delay in maturation of the affective circuits, which was associated with blunted basal
SNS activity in emerging adulthood. Further, trauma-related factors, such as trauma timing,
trauma type, and number of traumatic events, interact with global and affective network maturity
to yield distinct clinical and physiological outcomes in emerging adulthood. Specifically,
whereas greater global maturity and lower affective-network maturity might indicate a
vulnerable phenotype, lower global maturity and greater affective-network maturity might
indicate a resilient phenotype, particularly in TE women with a history of sexual trauma and
multiple traumatic events early in life.
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1. Introduction
1.1 Mental health outcomes of trauma exposure
Trauma exposure, defined as an event that involves actual or threatened death, serious
injury, or sexual violence (American Psychiatric Association, 2013), is highly prevalent, with an
estimated 60-80% of the general population in the US reporting at least one traumatic event in
their lifetime (e.g., Benjet et al., 2016; Breslau et al., 2009; Bromet et al., 2018). Trauma
exposure is strongly associated with adverse mental health outcomes, such as post-traumatic
stress disorder (PSTD), depression, anxiety, and substance use disorders (e.g., Baker et al., 2009;
Harvey et al., 2016; Humphreys et al., 2020). Even in the absence of diagnosed
psychopathology, trauma survivors can develop post-traumatic stress symptoms, such as 1) reexperiencing of the traumatic event through intrusive thoughts, flashbacks, and nightmares, 2)
avoidance of trauma reminders and emotional numbing, 3) hyperarousal, and 4) negative
cognitions about oneself and the safety of the world (American Psychiatric Association, 2013).
Risk factors for developing trauma-related psychopathology, such as PTSD, include
demographic factors, such as younger age, female gender, and low socio-economic status, and
trauma characteristics, such as earlier trauma onset, interpersonal type, chronic duration, and
history of prior trauma exposure (e.g., Breslau et al., 2009; Shalev et al., 2017; Smith et al.,
2016).
Timing of trauma exposure has consistently emerged as a crucial factor related to mental
health outcomes (e.g., Maercker et al., 2004). For example, early life trauma and other types of
early life adversity predict nearly 45% of childhood-onset and about 30% of adolescence-onset
or adulthood-onset psychopathology (Green et al., 2010). Early life adversity is also associated
with higher rates of PTSD, depression, anxiety, and substance use that can manifest years or
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even decades later (e.g., Gilbert et al., 2009; Hoppen and Chalder, 2018; Negriff et al., 2019).
The elevated risk of enduring trauma-related psychopathology and behavioral problems might
stem from a range of cognitive impairments, which have been documented in people exposed to
early life adversity, including impaired affect regulation, emotion recognition, executive
function, memory, and social cognition, as well as enhanced hypervigilance for threat and low
sensitivity to reward (e.g., Dvir et al., 2014; Gerin et al., 2019; Hoppen and Chalder, 2018;
Jaffee, 2017; Pechtel and Pizzagalli, 2011).
In summary, an extensive literature suggests that exposure to traumatic stress and adversity
during the formative years of development can have long-term effects on mental health and
cognitive function. Effective prevention and treatment of trauma-related disorders and cognitive
impairments necessitates an understanding of the underlying neurobiological mechanisms that
confer vulnerability to persistent trauma-related symptoms, which is currently limited.
1.2 Trauma-related alterations of the neuroendocrine stress systems
1.2.1 Trauma is associated with sympathetic nervous system hyperactivity
In addition to behavioral and psychological problems, trauma exposure, particularly when
early in life, can lead to lasting dysregulation of the neuroendocrine stress systems, including the
sympathetic nervous system (SNS) and the hypothalamic-pituitary-adrenal (HPA) axis, which
might in turn precipitate the onset and further contribute to trauma-related symptoms and other
types of psychopathology (e.g., Danese and McEwen, 2012; Hoppen and Chalder, 2018; Morris
and Rao, 2013). For example, trauma-exposed adults tend to show heightened SNS activity at
baseline and in response to aversive or trauma-related stimuli, as indexed by
psychophysiological measures, such as elevated heart rate, startle response, and galvanic skin
response, and endocrine measures, such as elevated levels of norepinephrine and salivary alpha-
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amylase (e.g., Ali and Pruessner, 2012; Costanzo et al., 2016; Hendrickson and Raskind, 2016;
McTeague et al., 2010). Elevated basal tone and reactivity of the SNS in trauma survivors have
been associated with greater PTSD symptoms (Keeshin et al., 2015; McTeague et al., 2010; Pan
et al., 2018a; Thoma et al., 2012), depression (Vigil et al., 2010), and self-reported chronic stress
(Ali and Pruessner, 2012). However, there is also evidence of blunted SNS reactivity in people
with a history of multiple traumas and particularly chronic and severe PTSD with additional
psychiatric comorbidity, suggesting exhaustion or habituation of the defensive responses
(McTeague et al., 2010).
1.2.2 Trauma is associated with altered hypothalamic-pituitary-adrenal axis activity
In addition to SNS dysregulation, trauma exposure, particularly when early in life, has
been linked to HPA hypofunction, as indexed by lower daily cortisol output and a relatively flat
diurnal curve with lower cortisol in the morning and higher in the afternoon (e.g., Bernard et al.,
2017; Pan et al., 2018b; Schumacher et al., 2019). However, despite the general pattern of
blunted basal HPA activity following early life adversity, there is significant heterogeneity in the
literature, including reports of both elevated HPA activity and no trauma-related differences
(e.g., Agorastos et al., 2018; Clemens et al., 2020; Struber et al., 2014; Wesarg et al., 2020). This
heterogeneity has been linked to potential moderators, including age, gender, psychiatric status,
and characteristics of the adversity, such as timing, type, and number of traumatic events (e.g.,
Fogelman and Canli, 2018; Khoury et al., 2019).
As with mental health outcomes, trauma timing is an important moderator of traumarelated HPA dysregulation. For example, adversity before age 11 has been associated with
higher cortisol in adolescence, whereas adversity after age 11 has been associated with lower
cortisol in adolescence (Bosch et al., 2012). Similarly, women exposed to sexual abuse in
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childhood show an initial period of elevated cortisol followed by an attenuation of basal cortisol
through young adulthood, suggesting a developmental transition from HPA hyperactivity
following trauma to late HPA hypoactivity (Trickett et al., 2010). In addition, whereas trauma
exposure in childhood has been associated with HPA hypofunction in adulthood (e.g., Wielaard
et al., 2017), trauma exposure in adulthood has been associated with no differences in salivary
cortisol (Klaassens et al., 2012) but higher hair cortisol, which is an index of chronic stress
(Khoury et al., 2019). Thus, basal HPA hypofunction has been postulated as an adaptation
designed to protect the organism from the deleterious effects of chronic cortisol elevations
following early life trauma (e.g., Fries et al., 2005). Although potentially adaptive in the longterm, HPA hypofunction in adults with a history of childhood trauma has been linked to greater
risk of PTSD upon subsequent trauma exposure (Galatzer-Levi et al., 2017; Morris and Rao,
2013). Overall, this evidence further corroborates the long-term effects of early life adversity on
neuroendocrine function, in contrast to the more transient effects of adversity later in life.
Whereas most evidence points to blunted basal HPA activity in people with a history of
early life adversity, reports of HPA reactivity to stressors in trauma-exposed people have been
mixed, with evidence of both elevated (e.g., Heim et al. 2002; Mielock et al., 2017; OuelletMorin et al., 2019) and blunted (e.g., Bunea et al., 2017; Suzuki et al., 2014) cortisol reactivity,
suggesting the influence of moderators. Accordingly, a recent meta-analysis concluded that
blunting of HPA reactivity to social stress is most pronounced in people with childhood
maltreatment as opposed to other early life adversities, in adults compared to children or
adolescents, and in women compared to men (Bunea et al., 2017). In addition, pubertal
development has been shown to influence the effects of early life adversity on HPA axis stress
reactivity. For example, post-institutionalized children show blunted HPA reactivity to social
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stress, whereas post-institutionalized adolescents show normative HPA reactivity (DePasquale et
al., 2019). Psychopathology has been also suggested to moderate the relationship between early
life adversity and HPA reactivity in adulthood. For example, adults with a history of
maltreatment but no psychiatric diagnosis have low HPA reactivity, whereas adults with a history
of maltreatment and concurrent psychopathology have elevated HPA reactivity (e.g., Suzuki et
al., 2014). The role of lower HPA reactivity as a resilience marker is further supported by
evidence that moderate maltreatment severity was associated with lowest cortisol reactivity in
adult men, whereas no maltreatment was associated with moderate reactivity, and greater
maltreatment severity was associated with greatest cortisol reactivity (Ouellet-Morin et al.,
2019). Additional evidence suggests that cortisol reactivity moderates the association between
childhood maltreatment and distinct mental health symptoms in young adults. Specifically,
childhood maltreatment has been linked to greater internalizing problems in people with higher
cortisol reactivity and greater externalizing problems in people with lower cortisol reactivity
(Hagan et al., 2014).
In summary, the existing literature on stress system dysregulation in trauma-exposed
people is vast but rife with contradictory results. Discrepancies in the reported associations
between trauma exposure and neuroendocrine stress system function might stem from complex
interactions and effects of moderators, such as specific trauma characteristics (e.g., timing and
type), participant demographics (e.g., age and gender), and psychiatric history. Methodological
differences across studies are another important source of heterogeneity in the literature. For
example, a number of methodological factors can impact HPA function measurement, such as
sample type (saliva, urine, blood, cerebrospinal fluid, or hair), time of day, type of stressor used
to evoke stress system reactivity, choice of reactivity index (e.g., percent change, delta, or area
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under the curve), and saliva collection approach (e.g., cotton swab vs. passive drool), among
others (e.g., Fogelman and Canli, 2018; Nater et al., 2007; Padilla et al., 2020; Pan et al., 2018b).
Despite the considerable heterogeneity in the literature, the general patterns of stress
system dysfunction in trauma-exposed people include elevated SNS activity and blunted HPA
function, however these relationships are moderated by a number of factors, such as trauma
timing and concurrent psychopathology. In addition, growing evidence suggests that the
combined dysregulation of the SNS and HPA axis together, as indexed by asymmetric SNS and
HPA responses to stressors, is associated with poorer psychological outcomes above and beyond
the effects of each system alone (e.g., Ali and Pruessner, 2012; Gordis et al., 2008; Petrullo et al.,
2016; Vigil et al., 2010). Similar to the enduring effects of early life trauma on mental health
outcomes, early life trauma is also associated with long-term dysregulation of neuroendocrine
stress systems evident in adulthood. Moreover, the effects of trauma on the maturation of the
neuroendocrine stress systems during formative years of development have been postulated as a
mechanism that links early life trauma to persistent neuroendocrine dysregulation and enduring
or new-onset psychopathology later in life (e.g., Agorastos et al., 2018; Kuhlman et al., 2017;
Raymond et al., 2018).
1.3 Trauma-related alterations of brain structure and function
A substantial amount of research supports the link between trauma exposure, particularly
during childhood and adolescence, and structural and functional alterations across a number of
brain systems, particularly the neural circuits involved in affective processing, threat detection,
and stress system regulation, as well as higher-order cognitive, executive, and social functions
(e.g., Heany et al., 2018; Hein and Monk, 2017; Herzberg and Gunnar, 2020; McCrory et al.,
2017; McLaughlin et al., 2019). Importantly, these neural alterations related to early life trauma
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have been observed in children, adolescents, and adults, suggesting that early life trauma can
have both immediate and long-term effects on the nervous system. The neural sequelae of trauma
have been linked to trauma-related symptoms, cognitive deficits, and stress system
dysregulation, although the biological mechanisms that underlie trauma-related brain alterations
are unclear (e.g., Hoppen and Chalder, 2018).
1.3.1 Trauma-related alterations in gray and white matter structure
Some of the more consistent structural alterations related to early life adversity include
smaller volumes and less cortical thickness in the prefrontal cortex (PFC), including subregions
involved in affective processing and stress response regulation (medial PFC and anterior
cingulate cortex, ACC), executive function (dorsolateral PFC), social cognition, and reward
processing (orbitofrontal cortex) in youths and adults alike (Hart and Rubia, 2012; Lim et al.,
2014; McLaughlin et al., 2019; Paquola et al., 2016). In addition, early life adversity has been
associated with less hippocampal volume and structural integrity, as well as with differences in
amygdala volumes in adulthood, although the direction of these differences has been inconsistent
(Calem et al., 2017; Paquola et al., 2016). Early life trauma and maltreatment have also been
linked to structural alterations in the cerebellum, including reduced total volume and reduced
vermis size in children and adolescents (Bick and Nelson, 2016; Hart and Rubia, 2012). Further,
childhood trauma has been consistently associated with reduced volume and structural integrity
of the corpus callosum (e.g., Bick et al., 2015; Cassiers et al., 2018; Hart and Rubia, 2012;
Rinne‐Albers et al., 2016), as well as structural alterations across a number of limbic, frontostriatal, and sensory white matter pathways (Bick et al., 2015; Cassiers et al., 2018; Gur et al.,
2019; Hart and Rubia, 2012).
1.3.2 Trauma-related alterations in brain function
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Early life adversity has also been associated with altered activity and functional
connectivity of specific neural circuits (e.g., Heany et al., 2018; Hein and Monk, 2017; Herzberg
and Gunnar, 2020). For example, people with a history of early life trauma show greater
activation of the amygdala and insula and less activation of the frontal cortex and the
hippocampus during affective processing, suggesting reduced regulation of limbic reactivity
(Cassiers et al., 2018; Jenness et al., 2020; Kraaijenvanger et al., 2020; Yoon and Weierich,
2016). People with early life trauma also show greater frontoparietal activity during emotion
regulation and working memory tasks and greater ACC activation during error monitoring and
inhibition, which has been interpreted as evidence for greater cognitive effort (McLaughlin et al.,
2019; McCrory et al., 2017; Teicher and Samson, 2016). In addition, history of early life
adversity has been linked to altered striatal response to anticipated rewards with greater response
in youths exposed to trauma and lower response in youths exposed to deprivation, suggesting
that the type of adversity is a crucial moderator of the effects of early life stress on reward
processing (McCrory et al., 2017; McLaughlin et al., 2019; Teicher and Samson, 2016).
1.3.3 Trauma-related alterations in functional connectivity
In addition to alterations in neural reactivity, trauma exposure has been associated with
altered connectivity within and between select neural networks. For example, adults with
childhood trauma show atypical structural and functional brain network organization, with
altered connectivity of the lateral PFC, ACC, insula, amygdala, and precuneus (e.g., Cisler et al.,
2013; Teicher et al., 2016). Similarly, trauma-exposed people show less functional connectivity
within the default mode network, which has been implicated in social cognition and selfreferential thought (e.g., Philip et al., 2013; DiGangi et al., 2016), more connectivity within the
salience network, which has been implicated in salience processing and threat detection, and a
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greater inverse coupling between the two networks (Marusak et al., 2015). Trauma-exposed
youths (Thomason et al., 2015) and young adults (Philip et al., 2013) also show greater resting
connectivity between the amygdala and ventral ACC, which has been linked to persistent neural
novelty response, consistent with hypervigilance in the absence of threat (Kleshchova et al.,
2019). In addition, trauma-exposed youths show lower resting connectivity of the mesolimbic
pathway, which has been linked to anxiety (Marusak et al., 2016).
1.3.4 Functional significance of trauma-related brain alterations
In summary, exposure to early life adversity has been linked to 1) structural alterations in
the frontal cortex, limbic structures, cerebellum, and a number of white matter tracts; 2) limbic
hyperactivity and frontal hypoactivity during affective processing; 3) greater frontoparietal and
cingulate activity during cognitive control; and 4) altered resting functional connectivity,
particularly of the salience and default mode networks. Despite these general trends, there is
considerable heterogeneity in the evidence for the neural sequelae of trauma exposure (Cassiers
et al., 2018; McLaughlin et al., 2019; Paquola et al., 2016; Teicher et al., 2016). Importantly,
whereas some neural alterations observed in trauma-exposed people have been linked to adverse
mental health outcomes and might therefore indicate a vulnerable phenotype, others have been
linked to resilience and might indicate protective factors or successful adaptations (e.g., Teicher
et al., 2016). For example, atypical resting connectivity across the left hemisphere mediated the
relationship between childhood trauma and psychiatric symptoms in adolescent girls (Miskovic
et al., 2010). Similarly, smaller hippocampal and amygdala volumes (Hanson et al., 2015c),
lower PFC activation during affective processing (Jenness et al., 2020), and lower amygdalamPFC connectivity mediated the relation between early life trauma and internalizing psychiatric
symptoms in adolescence and young adulthood (Burghy et al., 2012; Herringa et al., 2013),
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particularly in people with greater recent life stress (Hanson et al., 2015b). In contrast, positive
amygdala-mPFC connectivity during affective processing was a protective factor associated with
lower internalizing symptoms in adolescents with a history of childhood adversity (Herringa et
al., 2016).
1.3.5 Brain alterations following early trauma might stem from altered brain
development
The neurobiological mechanisms that give rise to structural and functional alterations in
neural circuitry after exposure to early life adversity are unclear. Disrupted brain development
has been postulated as a plausible mechanism that underpins the relationship between early life
adversity and changes in brain structure and function, neuroendocrine function, and mental
health outcomes later in life (e.g., Bick and Nelson, 2016; Chen and Baram, 2016; Fareri and
Tottenham 2016; Gee and Casey, 2015; Lupien et al., 2009). Infancy, childhood, and
adolescence constitute crucial periods of human development, which are characterized by active
brain maturation, enhanced neuroplasticity, and heightened sensitivity to environmental
influences and life experiences. These experiences can be beneficial or deleterious, and can have
programming effects on the brain, cognitive function, and mental health that endure into
adulthood (Knudsen, 2004; Hartley and Lee, 2015). Accumulating evidence suggests that
adversity and traumatic stress during these sensitive periods of brain development, when
environmental influences have a particularly strong and lasting impact on brain maturation, can
alter the developmental trajectories of distinct neural circuits (Gee and Casey, 2015; Fareri and
Tottenham 2016; Pechtel and Pizzagalli, 2011). Consequently, in contrast to the transient effects
of stress in adulthood after the brain has matured, traumatic stress that occurs during a sensitive
period in development can have enduring effects on the organism (e.g., Andersen and Teicher,
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2008; Knudsen, 2004; Lupien et al., 2009). However, the scope of the disruptive effects of early
life stress on neurodevelopment, as well as their functional outcomes and the precise timing of
vulnerability periods, are largely unknown.
1.4 Postnatal brain development
1.4.1 Structural brain maturation
Brain development is a protracted process in humans that begins around the second week
of gestation and spans at least the first three decades of life (e.g., Gilmore et al., 2018; Grydeland
et al., 2013; Lebel and Deoni, 2018). Although most neurons are produced by mid-gestation, the
brain of a newborn undergoes extensive structural and functional postnatal development
(Gilmore et al., 2018). From birth to adulthood, the brain increases in size by a factor of five and
reaches its adult weight and peak volume in early adolescence (Giedd et al., 2015; Hedman et al.,
2012), although the most dynamic period of postnatal brain growth spans the first 2-3 years of
life (Budday et al., 2015; Gilmore et al., 2018; Silbereis et al., 2016). Early brain growth is
largely driven by increases in neuronal size, dendritic arborization, axonal growth,
synaptogenesis, axon myelination, and generation of new glial cells (e.g., Budday et al., 2015;
Gilmore et al., 2018).
Following the initial dramatic growth spurt and structural maturation, the neural
architecture continues to undergo active remodeling and fine-tuning throughout childhood,
adolescence, and early adulthood (e.g., Budday et al., 2015; Coupé et al., 2017; Lebel and Deoni,
2018). Although total brain volume remains relatively stable after age 6, the brain continues to
undergo region-specific changes in gray matter and white matter volume, which follow distinct
maturational trajectories (Coupé et al., 2017; Giedd et al., 2015; Gilmore et al., 2018; Mills et al.,
2016). Specifically, white matter volume increases from birth through adulthood and peaks
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during the fourth decade of life, whereas gray matter volume increases during infancy and early
childhood and then follows a downward trajectory starting around puberty (Coupé et al., 2017;
Lebel and Deoni, 2018; Mills et al., 2016).
Postnatal changes in gray matter volume reflect interactions between several maturational
processes, such as dendritic growth, synaptogenesis, and synaptic pruning (e.g., Budday et al.,
2015). Synaptogenesis begins near the end of the second trimester of gestation, and continues
postnatally, such that synaptic density peaks in early childhood, decreases dramatically during
adolescence, and levels off in adulthood (e.g., Huttenlocher and Dabholkar, 1997; Petanjek et al.,
2011). Childhood is characterized by initial overproduction of synapses followed by selective
stabilization of active synapses and elimination of inactive ones (Changeux and Danchin, 1976).
Synaptic exuberance during childhood affords unprecedented plasticity, which allows early life
experiences and environmental inputs to influence the reorganization and fine-tuning of the
developing neural architecture. In contrast to prenatal synaptogenesis, which is largely
genetically driven, synaptogenesis that occurs during the early postnatal period is experienceexpectant and coincides with the beginning of various critical periods, when specific
environmental inputs are required for normative brain development (Bourgeois, 1997; Changeux
and Danchin, 1976; Greenough and Alcantara, 1993).
Following puberty, synaptogenesis becomes primarily experience-dependent, proceeds at a
much slower rate and at a smaller scale, and underlies lifelong learning and memory (Bourgeois,
1997; Greenough and Alcantara, 1993). Around puberty, synaptic density begins to show a
steady decline, as 40-50% of synapses are eliminated (Huttenlocher and Dabholkar 1997;
Petanjek et al., 2011). These regressive events, which include programmed cell death, dendritic
pruning, and selective elimination of synaptic connections, begin around birth and continue
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throughout adolescence and into emerging adulthood in select regions (e.g., Petanjek et al.,
2011). Similar to postnatal synaptogenesis, synaptic pruning is largely shaped by environmental
influences and is essential for the optimization of neural circuitry and streamlined information
processing (Bourgeois, 1997; Greenough and Alcantara, 1993). Ongoing synaptic formation and
pruning during childhood and adolescence render the brain highly plastic and sensitive to
environmental influences, which can have lasting effects on the neural structure and function.
Gray matter maturation, including synaptogenesis and synaptic pruning, proceeds in an
ordered manner with different cortical regions and subcortical structures reaching peak synaptic
density and adult volumes at different times (e.g., Elston et al., 2009; Huttenlocher and
Dabholkar, 1997). For example, cortical gray matter volume peaks earlier in the occipital and
parietal lobes and later in the frontal and temporal lobes (Giedd et al., 2015). The regional order
of synaptogenesis and synaptic pruning respects the hierarchy of function, with primary sensory
and motor regions reaching peak synaptic density and completing synaptic pruning earlier than
higher-order association cortices (Elston et al., 2009; Huttenlocher and Dabholkar, 1997). For
example, whereas synaptic pruning in the auditory cortex is complete by early adolescence,
synaptic pruning in the prefrontal cortex continues into young adulthood and levels off around
age 30 (Huttenlocher and Dabholkar, 1997; Petanjek et al., 2011). In addition, the extent of
synaptic overproduction varies by brain region, with the prefrontal cortex showing more
overproduced synapses than the primary sensory cortices, suggesting greater plasticity (Elston et
al., 2009).
Although cortical thickness generally decreases throughout the cerebral cortex from middle
childhood through emerging adulthood, with a period of accelerated thinning in adolescence,
different cortical regions follow distinct maturational trajectories (e.g., Ducharme et al., 2016;
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LeWinn et al. 2017; Zhou et al., 2015). Specifically, cortical thinning begins in the primary
sensory and motor cortices, whereas the rest of the cortex develops in a back-to-front manner
with the association cortices maturing as late as the third decade of life (Gogtay et al., 2004).
Such order of maturation is thought to reflect relative functional priority, such that regions
necessary for survival and basic interaction with the environment develop before regions
involved in more sophisticated functions, such as abstract thought or executive control (e.g.,
Gogtay et al., 2004). Similar to the pattern of region-specific cortical maturation, different
subcortical structures, such as the hippocampus, thalamus, striatum, or pallidum, and even
distinct subregions within a given structure, follow different trajectories of maturation (e.g.,
Coupé et al., 2017; Raznahan et al, 2014; Tamnes et al., 2018; Wierenga et al., 2014).
White matter maturation is also a protracted process that continues into the late 30s to early
40s and proceeds in a tract-specific manner, with a number of white matter pathways reaching
maturity only after age 20 (Coupé et al., 2017; Lebel et al., 2012; Lebel and Deoni, 2018;
Narvacan et al., 2017). Although all major white matter tracts are present at birth, they lack
appropriate myelination (Lebel and Deoni, 2018). Similar to synaptogenesis, myelination begins
around the end of the second trimester of gestation and proceeds at the highest rate in the first 23 years of life, then continues at a slower rate into the third decade of life, with frontal and
temporal white matter showing the most protracted development (e.g., Benes, 1989; Benes et al.
1994; Grydeland et al., 2013; Lebel and Deoni, 2018; Uda et al., 2015). Similar to the
hierarchical maturation of the cerebral cortex, white matter myelination begins posteriorly, in the
cerebellum and brainstem, and proceeds in the anterior and superior directions. Sensory
pathways mature before motor pathways, commissural and projection tracts mature before
association tracts, and tracts that connect the slowly developing association cortices in the
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frontal, temporal, and parietal lobes mature particularly late (Lebel et al., 2012; Simmonds et al.,
2014; Uda et al., 2015). In addition to myelination, white matter maturation involves other
microstructural changes, such as increasing axonal packing and neurite density, which are
thought to continue even when myelination is largely completed (Lebel and Deoni, 2018).
1.4.2 Functional brain maturation
Structural brain maturation sets the stage for functional brain maturation, which includes
changes in patterns of neural activity and connectivity (e.g., Keunen et al., 2017; Rubia, 2013).
For example, age-related increase in structural integrity of the uncinate fasciculus, a white matter
tract that connects limbic structures in the medial temporal lobe and the prefrontal cortex, is
associated with age-related decreases in amygdala reactivity to affective information (Swartz et
al., 2014). In general, as the brain matures, brain activity during various cognitive tasks shifts
from large and diffuse neural activation to more focal responses. More specifically, the activity
of brain regions that are related to task performance, such as the prefrontal and parieto-temporal
cortices, strengthens with age, whereas the activity of regions unrelated to task performance,
such as the limbic and lower-level sensory regions, decreases with age (e.g., Bunge et al., 2002;
Keunen et al., 2017; Khundrakpam et al., 2016; Rubia, 2013). In addition, brain activity during
attention and language-related tasks becomes more lateralized, suggesting greater functional
specialization (e.g., Bunge et al., 2002; Szaflarski et al., 2006). These age-related increases in
recruitment of task-relevant networks anchored by frontal regions, and decreases in recruitment
of sensory and limbic regions, have been interpreted as a shift from “bottom-up” to “top-down”
information processing (Rubia, 2013). Finally, functional maturation is not always a linear
process, likely due to the asynchronous development of different neural circuits. For example,
adolescents show greater amygdala reactivity to affective stimuli (e.g., Hare et al., 2008) and
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greater ventral striatal reactivity to rewards (Braams et al., 2015) compared to both younger
children and adults.
1.4.3 Maturation of the brain connectome
White matter tracts that connect distinct neural regions provide the structural scaffolding
which gives rise to the complex structural and functional network architecture of the human
brain, known as the brain connectome (e.g., Bullmore and Sporns, 2009). The brain connectome
can be represented as a graph of distributed nodes (i.e., brain regions) interconnected via edges
(i.e., connections) which can correspond to actual white matter tracts (i.e., the structural
connectome) or to synchronized neuronal activity between pairs of brain regions (i.e., the
functional connectome; Grayson and Fair, 2017; Keunen et al., 2017; Morgan et al., 2018; Zuo et
al., 2017). The human brain connectome shows a characteristic “small-world” organization,
defined by high local and global efficiency, which maximizes successful information segregation
and integration (Grayson and Fair, 2017; Keunen et al., 2017; Morgan et al., 2018; Zuo et al.,
2017). Another characteristic feature of the human brain connectome is the presence of hub
regions that are highly connected to other brain regions and are also highly interconnected with
one another, giving rise to the so-called “rich club” organization (Grayson and Fair, 2017;
Keunen et al., 2017; Morgan et al., 2018; Zuo et al., 2017).
Although these general network properties are already in place at or even before birth, the
brain connectome undergoes significant remodeling and fine-tuning well into adulthood
(Hagmann et al., 2010; Keunen et al., 2017; Morgan et al., 2018; van den Heuvel et al., 2018).
For example, from infancy and into late adolescence, the structural connectome shows increasing
local and global efficiency, increasing network integration, and decreasing network segregation
(Cao et al., 2016; Khundrakpam et al., 2013; Richmond et al., 2016). In general, maturation of
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the functional connectome lags behind that of the structural connectome (Cao et al., 2016; van
den Heuvel et al., 2018; Zuo et al., 2017), and the correspondence between functional and
structural connectivity strengthens with age (Hagmann et al., 2010).
Whereas structural hubs are established prenatally in an almost adult-like configuration,
the number and distribution of functional hubs change during childhood, and the connectivity of
both structural and functional hubs continues to strengthen into young adulthood (Khundrakpam
et al., 2013; Oldham and Fornito, 2019). As the brain matures from age 5 to 10, functional hubs
shift from sensory and motor regions to a more distributed pattern encompassing higher-order
association cortices and subcortical regions, which parallels the maturation of long-range white
matter tracts (Baker et al., 2015; Cao et al., 2016; Hwang et al., 2013; Oldham and Fornito, 2019;
van den Heuvel et al., 2018). In addition, even when the hub organization becomes adult-like,
hub connectivity continues to increase with age, although the timing and the trajectory of these
maturational changes are hub-specific (e.g., Hwang et al., 2013; Wierenga et al., 2018), with
hubs in the frontal and parietal association areas maturing particularly late in adolescence (Baker
et al., 2015; Cao et al., 2016; Kolskår et al., 2018; Whitaker et al., 2016).
The adult functional connectome consists of functional networks, which can be broadly
classified into the sensory and motor networks, which tend to be spatially localized, and the
higher-order networks, which tend to be more spatially distributed and encompass regions in the
frontal, parietal, and temporal association cortices (Grayson and Fair, 2017). Mirroring the
dramatic rate of synaptogenesis and myelination during the first 2-3 years of life, functional
networks also undergo rapid reorganization during this time period, although remodeling and
fine-tuning of the functional connectome continues throughout the lifespan in a non-linear and
network-specific manner (e.g., Betzel et al., 2014; Marek et al., 2015; Petrican et al., 2017; Wang
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et al., 2012). Whereas sensory and motor functional networks show adult-like organization in
infancy, higher-order networks, such as the default mode network, the salience network, the
frontoparietal network, and the dorsal attention network, follow protracted developmental
trajectories (Gilmore et al., 2018; Grayson and Fair, 2017; Keunen et al., 2017).
As the functional connectome matures from infancy through early adulthood, there is a
general trend towards decreasing strength of within-network connectivity and increasing strength
of between-network connectivity (Betzel et al., 2014; Chen et al., 2018; Damaraju et al., 2014;
Farrant and Uddin, 2015; Marek et al., 2015). However, developmental changes in connectivity
strength are network-specific, and this pattern does not hold for all networks and all age groups
(Farrant and Uddin, 2015; Gao et al., 2015; Richmond et al., 2016; Sherman et al., 2014). These
inconsistencies might be at least in part related to non-linear developmental trajectories, whereby
the direction of connectivity changes shifts during a specific period of development (e.g., Betzel
et al., 2014; Marek et al., 2015; Wang et al., 2012).
A recent lifespan study further demonstrated that developmental changes in within- and
between-network connectivity are network specific (Petrican et al., 2017). For example, external
processing networks (auditory, language, and ventral attention networks) showed decreasing
within-network connectivity, whereas networks involved in higher-order cognitive functions
(frontoparietal, salience, and cingulo-opercular networks) showed increasing between-network
connectivity. Finally, connectivity between networks involved in external processing (auditory,
language, and dorsal attention networks) and internal cognition (default mode and subcortical
networks) decreased with age (Petrican et al., 2017), a pattern consistent with the previously
reported strengthening of inverse coupling between the default mode network and the
frontoparietal network during adolescence (e.g., Chai et al., 2014; Sherman et al., 2014). Another
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recent study suggests that basic sensory and motor circuits undergo “conservative” development
from adolescence into young adulthood, whereby connectivity between regions that are already
strongly connected further increases with age. In contrast, higher-order cognitive and limbic
networks (e.g., default mode, frontoparietal, and limbic networks) show “disruptive”
development, whereby connectivity between weakly connected regions increases, whereas
connectivity between strongly connected regions decreases with age (Váša et al., 2020).
There also is a marked age-related increase in distinctiveness of the functional connectome
from childhood into early adulthood (Kaufmann et al., 2017). With age, the functional brain
architecture becomes progressively more stable and unique, such that the functional connectome
of an adult represents a unique “fingerprint” that can be used to accurately identify individuals
from a group of people (Finn et al., 2015). The maturational increase in distinctiveness is largely
driven by higher-order cognitive networks (e.g., medial frontal, frontoparietal, and default
mode), which include nodes in the late-developing association cortices (Kaufmann et al., 2017).
This phenomenon is consistent with the observation that the association cortices with the greatest
surface expansion during development show the highest variability in functional connectivity
across people (e.g., Mueller et al., 2013). Similarly, functional connectivity patterns of the
higher-order cognitive networks permit greater individual identification accuracy than sensory
and motor networks, suggesting greater distinctiveness of the former (Finn et al., 2015).
Moreover, functional connectome distinctiveness has been associated with variability in
cognitive abilities (Finn et al., 2015; Mueller et al., 2013) and psychiatric symptoms (Kaufmann
et al., 2017). Together, this evidence suggests that the late-developing association cortices that
participate in higher-order cognitive networks might be particularly sensitive to environmental
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influences during development. Consequently, their distinctive connectivity patterns might in
part reflect unique life experiences.
1.4.4 Brain development parallels behavioral and cognitive development
The structural and functional maturation of the brain parallels and underpins cognitive and
behavioral development (e.g., Anandakumar et al., 2018; Achterberg et al., 2016; Deoni et al.,
2016; Krogsrud et al., 2018; Simmonds et al., 2014; Tamnes et al., 2018). Consistent with the
protracted maturation of the association cortices and their white matter connections, which give
rise to the higher-order functional networks, the development of the more sophisticated
cognitive, emotional, and social functions proceeds throughout adolescence and into adulthood
(Kolskår et al., 2018). For example, development of hippocampus-dependent memory proceeds
beyond childhood and into adolescence, as the hippocampus undergoes maturation in a
subregion-specific manner (Keresztes et al., 2018). Similarly, development of executive
functions such as working memory, inhibitory control, planning, reasoning, and cognitive
flexibility proceeds well into young adulthood and has been linked to the maturation of the
prefrontal cortex and its connections (e.g., Chung et al., 2017; Constantinidis and Luna, 2019;
Marek et al., 2018; Wendelken et al., 2017; Ziegler et al., 2019). Social cognition also undergoes
protracted development throughout adolescence and into adulthood, and parallels the slow
maturation of the default mode network, as well as the prefrontal and ventral striatal regions,
which have been implicated in self-referential thinking, mentalization, and other social-cognitive
functions (Burnett and Blakemore, 2009; Klapwijk et al., 2013; Mills et al., 2014). Affect
processing and regulation are also among the last functions to develop and are thought to rely on
the maturation of the cortico-limbic neurocircuitry, and in particular the connections between the
amygdala and the medial prefrontal, anterior cingulate, and insular cortex, which proceeds into
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young adulthood (Alarcón et al., 2015; Gabard-Durnam et al., 2014; Perlman and Pelphrey,
2011; Somerville and Casey, 2010).
1.5 Effects of trauma on brain development
1.5.1 Trauma might alter brain development by engaging the neuroendocrine stress
systems
Disrupted brain maturation has been proposed as a candidate mechanism that links early
life adversity with enduring brain alterations, psychiatric symptoms, and cognitive impairments
later in life (e.g., Agorastos et al., 2018; Andersen and Teicher, 2008; Bick and Nelson, 2016;
Chen and Baram, 2016; Teicher and Samson, 2016). Within this framework, traumatic stress
might result in cognitive, affective, and social impairments, as well as stress-related
psychopathology, by altering the developmental trajectory of brain circuits that support these
functions, undergo active maturation during childhood and adolescence, and are highly sensitive
to the effects of stress mediators. The disruptive effects of adversity on neurodevelopment might
be mediated by an early engagement of the neuroendocrine stress systems, including the SNS
and HPA axis, which can have potentially long-term organizing and programming effects on the
organism as a whole and the brain in particular (e.g., Berens et al., 2017; Chiang et al., 2015;
Hall et al., 2015; Kuhlman et al., 2017; Raymond et al., 2018). For example, animal research
suggests that exposure to elevated levels of stress mediators, such as glucocorticoids and
catecholamines, disrupts the processes of myelination, neuronal cell loss, and synaptic pruning
during development (e.g., Bath et al., 2016; Brenhouse et al., 2013; Dunlop et al., 1997; Ono et
al., 2008; Tsoory et al., 2010). Similarly, emerging research in humans suggests that elevated
cortisol in childhood mediates the relationship between early life adversity and altered maturity
of cortico-limbic circuitry in childhood and adolescence (Burghy et al., 2012; Gee et al., 2013a;
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Herringa et al., 2013). Altered maturation of the cortico-limbic circuitry, which is involved in
stress response regulation, might in turn contribute to the onset or maintenance of
neuroendocrine dysregulation later in life (e.g., Agorastos et al., 2018).
1.5.2 Evidence that stress accelerates brain maturation
Although converging evidence supports the hypothesis that early life adversity interferes
with brain maturation, the direction, extent, and functional outcomes of these effects remain
unclear. Growing evidence from animal research and human studies of maltreated youths
suggests that exposure to early life adversity, particularly when severe, chronic, or repeated,
accelerates development. For example, exposure to early life trauma has been associated with
earlier onset of puberty (e.g., Colich et al., 2019; Gur et al., 2019; Noll et al., 2017; Sumner et al.
2019; Tyborowska et al., 2018). In turn, earlier pubertal onset consistently predicts the onset of
mental health problems, including depression, anxiety, and eating disorders, particularly in girls
(e.g., Byrne et al., 2017; Copeland et al., 2010). Moreover, earlier pubertal onset has been shown
to mediate the relationship between childhood trauma and higher risk of psychiatric symptoms in
adolescence, particularly in girls (Colich et al., 2019; Gur et al., 2019).
In addition, several lines of evidence suggest that early life trauma accelerates brain
maturation. For example, a recent large-scale study showed that, compared to age-matched notrauma controls, adolescent girls with a history of multiple traumas in childhood were more
likely to be misclassified as adults by a machine learning algorithm trained to predict age based
on brain anatomy (Gur et al., 2019). This result suggests that repeated exposure to early life
trauma accelerates global brain development in adolescence. Moreover, exposure to multiple
traumas was associated with sex-dependent impairments in complex reasoning and more
symptoms across all psychopathology domains, with higher risks of internalizing symptoms in
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girls and psychotic symptoms in boys (Gur et al., 2019). This evidence suggests that disrupted
brain maturation might underlie the relationship between exposure to early life trauma and later
psychopathology, with sex-specific outcomes. However, it is unclear whether these effects of
trauma on brain maturity persist beyond adolescence and underlie enduring trauma-related
symptoms in young adulthood.
Converging evidence suggests that accelerated maturation focuses primarily on frontal
regions and fronto-limbic connections, which are often reported to be altered in people with a
history of early life adversity (e.g., Lim et al., 2014; Rubia and Hart, 2012). For example, a
greater number of traumatic events in childhood was associated with lesser volumes of frontal
and limbic regions and greater structural integrity of several white matter tracts, including those
that connect frontal and limbic regions (Gur et al., 2019). Given that gray matter volume
decreases and white matter integrity increases progressively throughout childhood and
adolescence (e.g., Giedd et al., 2015; Lebel et al., 2012), less gray matter volume and greater
white matter integrity in adolescents with a history of multiple childhood traumas might indicate
accelerated maturation of the fronto-limbic circuitry (Gur et al., 2019). Similarly, given that
cortical thickness decreases progressively throughout development (e.g., Gogtay et al., 2004),
less thickness of the prefrontal, orbitofrontal, and anterior cingulate cortices, which has been
consistently reported in youths with a history of early life adversity (e.g., Lim et al., 2014; Rubia
and Hart, 2012), suggests accelerated maturation of the frontal cortex (McLaughlin et al., 2019).
These conclusions are supported by a recent longitudinal study which showed that stress
before age 5 was associated with accelerated brain development during late adolescence, as
indexed by greater reductions in gray matter volume in the prefrontal cortex, amygdala, insula,
and putamen (Tyborowska et al., 2018). Similarly, another longitudinal study showed that
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childhood maltreatment alters the structural development of the amygdala and hippocampus
during adolescence, but this effect is mediated by concurrent psychopathology (Whittle et al.,
2013). Specifically, youths with a history of childhood maltreatment and psychopathology
showed accelerated growth of the left amygdala during adolescence (Whittle et al., 2013). In
addition, animal research shows that maternal separation or low maternal care in infancy and
early childhood leads to early emergence of adult-like affect-related behaviors, such as fear
learning and stress reactivity, which has been linked to truncated growth and accelerated
maturation of the hippocampus, amygdala, and other cortico-limbic circuitry implicated in
affective processing and stress response regulation (Bath et al., 2016; Callaghan et al., 2014; Ono
et al., 2008; Tsoory et al., 2010).
In addition to accelerated structural maturation, early life stress might also impact
functional brain maturation. For example, trauma-exposed adolescents show a more mature
pattern of functional connectivity between the hippocampus and the ventral tegmental area,
suggesting accelerated maturation of mesolimbic pathways (Marusak et al., 2016). Similarly, a
seminal study demonstrated that previously institutionalized children with a history of early
maternal deprivation show a more mature pattern of functional coupling between the amygdala
and the medial prefrontal cortex (mPFC) during emotion processing, suggesting accelerated
maturation of the cortico-limbic circuitry following early life maternal deprivation (Gee et al.,
2013a). This conclusion was based on the observation that amygdala-mPFC coupling during
affective processing shifts from positive to negative connectivity around age 10 and becomes
progressively more negative across adolescence (Gee et al., 2013b). Thus, negative amygdalamPFC coupling in children with a history of early maternal deprivation was interpreted as
evidence of accelerated maturation of affect-processing neural circuits (Callaghan et al., 2014;
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Gee et al., 2013a). However, this interpretation has been called into question given that a recent
large-scale study of developmental changes in neural circuitry during emotion processing did not
replicate the previously reported pattern of decreasing amygdala-mPFC connectivity with age
(Zhang et al., 2019). In addition, subsequent research yielded mixed findings with reports of
more negative (Peverill et al., 2019), positive (Silvers et al., 2016), or no trauma-related
differences in amygdala-mPFC connectivity (Herringa et al., 2016; Weissman et al., 2019)
during affective processing in trauma- and adversity-exposed children.
Similarly, a recent review concluded that evidence for the hypothesis that early life stress
accelerates the maturation of the amygdala-mPFC circuit is mixed and depends on the type of
adversity and choice of measurement (McLaughlin et al., 2019). For example, in contrast to the
putative decrease in amygdala-mPFC connectivity during affective processing (Gee et al.,
2013b), resting connectivity between the amygdala and mPFC has been shown to increase from
childhood through early adulthood, such that greater resting amygdala-mPFC connectivity would
indicate greater maturity (Gabard-Durnam et al., 2014). Studies that measured resting amygdalamPFC connectivity in people exposed to early life adversity produced mixed evidence, with
reports of greater connectivity (i.e., more mature; Thomason et al., 2015; Kleshchova et al.,
2019), lower connectivity (i.e., less mature; Cisler et al., 2013; Cisler, 2017; Herringa et al.,
2013), or no difference in connectivity (Saxbe et al., 2018) between trauma-exposed people and
controls.
Similarly, structural integrity of the uncinate fasciculus, a white matter bundle that
connects the amygdala and the mPFC (Von Der Heide et al., 2013), increases from childhood
through early adulthood, such that greater uncinate fasciculus integrity would indicate greater
maturity (Lebel et al., 2012). Two recent studies found evidence of greater uncinate fasciculus
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integrity in youths with a history of multiple traumatic events (Gur et al., 2019) and in children
exposed to neglect and food insecurity (Dennison et al., 2019), suggesting accelerated structural
maturation. In contrast, several other studies showed lower uncinate fasciculus integrity in
previously institutionalized children, suggesting delayed maturation (Eluvathingal et al., 2006;
Govindan et al., 2010; Kumar et al., 2013). However, many more studies reported no difference
in uncinate fasciculus integrity in trauma- and adversity-exposed youths compared to controls
(Bick et al., 2015; Dennison et al., 2019; Hanson et al., 2013; Korgaonkar et al., 2013; Park et
al., 2016).
1.5.3 Evidence that stress delays brain maturation
In addition to evidence of accelerated brain maturation following early life adversity, there
is also some evidence that early life adversity might delay maturation of select brain structures
and circuits. For example, youths with a history of childhood maltreatment and psychopathology
showed slower growth of the left hippocampus during adolescence (Whittle et al., 2013).
Similarly, boys exposed to frequent maternal aggression showed greater increases in frontal and
lateral parietal cortical thickness during adolescence, which was interpreted as evidence of
delayed maturation, given that cortical thickness decreases as the brain matures (Whittle et al.,
2016). In addition, emotional neglect in childhood was associated with slower functional
development of the reward circuitry, as indexed by lower developmental changes in ventral
striatal reactivity to rewards during adolescence (Hanson et al., 2015a). Further, adults with
PTSD related to childhood maltreatment show less default mode network connectivity which is
similar to the immature connectivity pattern observed in children (Daniels, 2011; Philip et al.,
2013). Finally, youths with a history of maltreatment showed higher left hemisphere short-
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distance coherence measured using electroencephalography, which was interpreted as evidence
for delayed cortical differentiation or maturation (Miskovic et al., 2010).
In summary, the direction and specificity of the effects of early life adversity on brain
maturation are unclear, with evidence of both accelerated and delayed brain maturation. These
inconsistencies could be attributed to the circuit-specific effects of adversity, as well as other
factors, such as the timing and type of adversity. For example, whereas stress in early childhood
accelerates fronto-limbic maturation, ongoing social stress in adolescence slows down the
maturation of some of the same circuits, as indexed by smaller developmental volume reductions
in the orbitofrontal and anterior cingulate cortex (Tyborowska et al., 2018). These results suggest
that the effects of adversity on brain development are region-specific and depend on the timing
and number of stressful events, with potentially complex and interactive effects of stress in early
childhood and adolescence. Similarly, the type of stress might be a crucial factor, given the
evidence of distinct neural abnormalities in people exposed to threat vs. deprivation and given
the evidence that earlier pubertal onset mediates the relationship between adverse mental health
outcomes and exposure to threat but not deprivation (Colich et al., 2019; McLaughlin et al.,
2019). Finally, early life stress might have distinct effects on different neural circuits. For
example, accelerated maturation of cortico-limbic circuitry involved in affective processing and
stress response regulation might come at the expense of delayed maturation of networks involved
in reward processing (Hanson et al., 2015a), social cognition (e.g., the default mode network;
Daniels, 2011; Philip et al., 2013) and executive control (e.g., the frontoparietal network; Teicher
et al., 2016; Whittle et al., 2016).
1.5.4 Functional outcomes of accelerated brain maturation
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Another important consideration is the functional significance of accelerated vs. delayed
brain maturation following early life adversity. Converging evidence suggests that greater
maturity of select neural circuits and the brain as a whole is associated with superior
performance and more favorable psychological outcomes, especially in younger people. For
example, greater overall brain maturity (i.e., older “brain age”, as indexed by greater positive
discrepancy between chronological age and age predicted by a machine learning algorithm
trained on structural neuroimaging data) was associated with superior cognitive processing speed
(Erus et al., 2015) and greater executive intelligence (Brown et al., 2012) in youths. Similarly,
greater structural integrity of the uncinate fasciculus, indicative of greater maturity, predicted
lower amygdala response to emotional stimuli, particularly in children and younger adolescents,
which was in turn associated with fewer internalizing symptoms (Swartz et al., 2014).
However, the functional significance of accelerated brain maturation in trauma-exposed
people specifically in unclear. Accelerated development of cortico-limbic circuits in children
exposed to early maternal deprivation might have adaptive value, given that a more mature
pattern of functional amygdala-mPFC coupling during affective processing was associated with
lower amygdala reactivity to emotional stimuli (Gee et al., 2013b) and less separation anxiety
(Gee et al., 2013a) in previously institutionalized youths. This evidence was taken to indicate
that accelerated maturation of affect-related circuits and precocious emergence of affect-related
behaviors might confer evolutionary advantage by promoting survival and adaptation in a
stressful environment in the absence of stable caregiving (Callaghan and Tottenham, 2016). In
contrast, earlier pubertal onset consistent with accelerated development, which has been
observed in youths with childhood trauma, has been robustly associated with adverse mental
health outcomes (e.g., Colich et al., 2019; Gur et al., 2019).
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In contrast to the potentially beneficial outcomes of early maturation in younger people,
greater brain maturity in older people has been linked to a number of disease processes and
adverse outcomes. For example, greater overall brain maturity in adults ages 19-82 was
associated with greater cognitive impairment (Liem et al., 2017). Similarly, studies that used
machine learning to predict age based on brain anatomy showed that greater predicted “brain
age” was associated with cognitive aging and a higher risk of neurodegenerative disorders,
morbidity, and mortality in older adults (Cole and Franke, 2017). In addition, older “brain age”
has been reported in people with schizophrenia, Alzheimer’s disease, HIV, diabetes, epilepsy,
multiple sclerosis, and traumatic brain injury (Franke and Gaser, 2019; Kaufmann et al., 2019).
In contrast, younger “brain age” in adults has been associated with higher levels of education,
physical activity (Steffener et al., 2016), and meditation practice (Luders et al., 2016). In
summary, the functional significance of the discrepancy between chronological age and “brain
age” shifts as maturation ends and aging begins. However, given the longitudinal course of brain
development in humans, the timing of the shift is currently unknown. Moreover, the timing of
this shift might be influenced by various factors, including pathological processes and traumatic
stress.
1.5.5 Functional outcomes of delayed brain maturation
Several lines of evidence suggest an association between delayed structural and functional
maturation of distinct neural circuits and mental health problems. For example, delayed
myelination of distinct regions within a fronto-striatal network during the transition from late
adolescence into young adulthood has been linked to trait compulsivity and impulsivity in a nonclinical population (Ziegler et al., 2019). Similarly, slower maturation of several white matter
tracts, including the cingulum and uncinate fasciculus, from adolescence into early adulthood has
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been associated with more psychiatric symptoms in general (Vanes et al., 2020) and internalizing
symptoms in particular (Albaugh et al., 2017). In addition, delayed mPFC maturation, as indexed
by a slower rate of cortical thinning from childhood through early adulthood, has been linked to
greater depression and anxiety symptoms (Ducharme et al., 2014). Further, delayed increases in
functional connectome distinctiveness indicative of delayed maturation (Kaufmann et al., 2017),
as well as lower default mode network maturity in particular (Sato et al., 2016), have been
associated with more symptoms of general psychopathology. Finally, a recent longitudinal study
showed that more externalizing and internalizing symptoms in childhood predicted slower
subcortical gray matter and white matter maturation during adolescence (Muetzel et al., 2018),
suggesting that psychiatric symptoms might be an underlying mechanism rather than an outcome
of delayed brain maturation.
Although limited, additional evidence suggests that delayed maturation is associated with
adverse outcomes in trauma-exposed youths specifically. For example, slower functional
development of the reward circuitry partially mediated the relationship between childhood
maltreatment and depressive symptoms in adolescence (Hanson et al., 2015a). Similarly, delayed
maturation of the prefrontal cortex mediated the relationship between maternal aggression and
poor functional outcomes in late adolescence (Whittle et al., 2016). In addition, delayed
maturation of the anterior cingulate cortex in adolescents was associated with more antisocial
traits (Tyborowska et al., 2018). Taken together, existing evidence suggests that accelerated
development of the neural circuitry involved in affective processing might have adaptive value in
people exposed to early life adversity, whereas delayed maturation of the neural circuitry
involved in reward processing, social cognition, and higher-order cognitive functions is
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associated with poorer functional outcomes. However, these conclusions should be considered
preliminary given the scarcity of relevant research.
1.5.6 Interactions between stress timing and neurodevelopmental trajectories
In addition to potential circuit-specific differences in vulnerability to stress, the
vulnerability of a given neural circuit might change over the course of development, as the
timing of stress interacts with the unique maturational trajectories of different neural circuits
(e.g., Andersen and Teicher, 2008; Bick and Nelson, 2016; Eiland and Romeo, 2013; Lupien et
al., 2009). Accordingly, different neural circuits might have different sensitive periods, when
they are most susceptible to environmental influences, including traumatic stress (e.g., Andersen
et al., 2008; Bick and Nelson, 2016; Lupien et al., 2009; Teicher et al., 2016). These windows of
vulnerability likely correspond to periods of active maturation, heightened plasticity, and circuit
reorganization, which occur at different times in different neural circuits (e.g., Knudsen, 2004).
Consequently, adversity at different times during development would be expected to produce
distinct patterns of neural alterations and distinct functional outcomes (e.g., Lupien et al., 2009).
Consistent with this hypothesis, adversity during early childhood and early adolescence
has been associated with smaller hippocampal volume, whereas adversity during late childhood
and adolescence has been associated with smaller prefrontal cortex volume (Andersen et al.,
2008; Tupler and De Bellis, 2006). Similarly, adversity during late childhood and adolescence
but not early childhood has been associated with smaller anterior cingulate and insula volumes
(Baker et al., 2013). In addition, adversity during early adolescence but not childhood or late
adolescence is associated with amygdala and hippocampal volumes in adulthood (Herzog et al.,
2020; Pechtel et al., 2014), although evidence for the direction of change in amygdala volume is
mixed. Additional evidence points to the timing-specific effects of trauma on the visual cortex
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and white matter fibers that convey visual inputs to the temporal lobes and limbic structures,
suggesting that they are most vulnerable to trauma in late childhood (Choi et al., 2012; Tomoda
et al., 2012). Despite some mixed findings, this evidence suggests that the slower maturing
structures, such as the frontal and insular cortices, might be more vulnerable to stress later in
development, whereas the relatively faster maturing structures, such as the amygdala,
hippocampus, and sensory cortices, might be more vulnerable to stress earlier in development.
Although limited, preliminary evidence supports the hypothesis that trauma timing
interacts with neurodevelopmental trajectories to yield distinct functional outcomes. For
example, trauma exposure before the age of 12 has been associated with a higher risk of major
depression, whereas trauma exposure between the ages of 12 and 18 has been associated with a
higher risk of PTSD (Maercker et al., 2004). In addition, adversity before age 11 has been
associated with higher cortisol in adolescence, whereas adversity after age 11 has been
associated with lower cortisol in adolescence (Bosch et al., 2012). Similarly, the timing of early
sexual abuse is differentially associated with working memory performance in adulthood (Dunn et
al., 2016). Together these preliminary results suggest that adversity during childhood might
specifically target the hippocampus and result in HPA hyperactivity and greater risk of depression
later in life, whereas adversity during adolescence might specifically target the prefrontal cortex and
result in HPA hypoactivity and greater risk of PTSD. Heightened vulnerability of the prefrontal
cortex in adolescence specifically is further supported by evidence of greater expression of
glucocorticoid receptors in the prefrontal cortex during adolescence, compared to childhood and
young adulthood (Perlman et al., 2007).
In summary, preliminary evidence points to the existence of circuit-specific sensitive
periods, when exposure to adversity might have a particularly strong effect on the maturational
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trajectory of a given neural circuit and give rise to distinct clinical and physiological outcomes
later in life. However, research on this topic has been scarce, and the timing of the hypothesized
circuit-specific windows of vulnerability is largely unknown.
1.6 Aims of the present study
1.6.1 Does trauma exposure during development result in atypical brain maturity in
emerging adulthood?
Trauma exposure, particularly during childhood and adolescence, is associated with
adverse mental health outcomes and higher risk of psychopathology later in life (e.g., Benjet et
al., 2016; Dvir et al., 2014; Negriff et al., 2019; Pechtel and Pizzagalli, 2011). In addition, adults
with a history of early life trauma show structural and functional alterations across a number of
neural circuits, as well as altered function of the neuroendocrine stress systems (e.g., Bunea et
al., 2017; Fogelman and Canli, 2018; Hart and Rubia, 2012; McLaughlin et al., 2019). However,
the neurobiological mechanisms that underlie this enduring vulnerability remain to be
determined. One candidate mechanism that has been proposed as a link between early life trauma
and adverse psychological and physiological outcomes in adulthood is altered brain maturation
(e.g., Lupien et al., 2009; Chem and Baram, 2016; Andersen and Teicher, 2008). Although this
general framework has been widely accepted, many questions remain unanswered.
For example, given that previous human studies on the effects of adversity on brain
maturation were conducted in children and adolescents, the long-term consequences of traumamediated disruption of neurodevelopment are unknown. Brain development in humans is a
protracted process that spans the first three decades of life, and some of the neural structures
impacted by early life adversity develop particularly late in adolescence and early adulthood
(e.g., the prefrontal cortex, insula, uncinate fasciculus, cingulum; Gogtay et al., 2004; Lebel et
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al., 2012; Sousa et al., 2018), suggesting prolonged immaturity and vulnerability to trauma. In
addition, previous research has mostly focused on the effects of early life adversity on structural
maturation of select brain regions (e.g., Tyborowska et al., 2018; Whittle et al., 2013), with only
a few studies focusing on functional maturation (e.g., Gee et al., 2013a; Hanson et al., 2015a).
Given that functional maturation lags behind structural maturation and undergoes more dramatic
changes during development (e.g., Hagmann et al., 2010; Keunen et al., 2017; Morgan et al.,
2018), trauma-related effects might be more pronounced in the functional rather than structural
connectome maturity. However, to our knowledge, no studies to date have tested the effects of
trauma exposure on the functional connectome maturity in emerging adulthood.
Another unanswered question related to the effects of trauma on the rate of
neurodevelopment, concerns the specific nature and extent of these effects. For example, there is
evidence that early life adversity can both accelerate (Bath et al., 2016; Callaghan et al., 2014;
Gur et al., 2019; Tyborowska et al., 2018; Whittle et al., 2013) and delay brain maturation
(Hanson et al., 2015a; Miscovic et al., 2010; Tyborowska et al., 2018; Whittle et al., 2016). This
discrepancy might be due in part to the circuit-specific effects of early life adversity. Whereas
initial research on this topic focused on a few predefined brain structures or circuits (e.g.,
hippocampus, amygdala, and amygdala-mPFC connections), more recent studies suggest that
early life adversity might have more extensive (e.g., Tyborowska et al., 2018) and even global
effects on brain maturation (e.g., Gur et al., 2019). Thus, it is not clear if traumatic stress (a)
specifically targets select circuits, (b) produces a global shift in the rate of brain development, or
(c) has both global and network-specific developmental effects. Some networks might be more
vulnerable to trauma, for example, due to high sensitivity to stress hormones (e.g., cortico-limbic
circuits; Herman et al., 2005) or prolonged periods of immaturity (e.g., higher-order cognitive
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networks; Christakou et al., 2011; Gogtay et al., 2004; Hwang et al., 2010; Lupien et al., 2009).
However, it is also possible that such network-specific effects reflect or accompany a global
developmental shift towards accelerated maturation of the entire brain.
Therefore, our first aim was to test the relationship between trauma exposure during
development and atypical maturity of the functional connectome in emerging adulthood.
Specifically, we set out to dissociate global and network-specific effects of trauma exposure
during development on the maturity of the functional connectome in emerging adulthood. We
used resting-state functional magnetic resonance imaging (fMRI) to measure whole-brain
functional connectivity in young women with a history of trauma exposure during development
(TE) and no-trauma controls (NTE). We then used machine learning to estimate the maturity of
each participant’s functional connectome as a whole and three network clusters separately
(affective, cognitive, and sensory-motor networks) using a public neuroimaging dataset (Nathan
Kline Institute-Rockland Sample; NKI-RS). Short of longitudinal brain development data,
machine learning represents an optimal approach for testing neurodevelopmental mechanisms
using cross-sectional data. Specifically, machine learning can be used to estimate the normative
brain maturation trajectory based on a normative lifespan training dataset. Individual brain
maturity of participants in the test dataset can then be measured as the deviation from the
normative maturation trajectory.
To test the effect of trauma exposure on the global maturity of the functional connectome
in emerging adulthood, we used a normative model trained on the NKI-RS data to predict the age
of the entire functional connectome in each of the TE and NTE women (Dosenbach et al., 2010;
Nielsen et al., 2019). We then computed each participant’s global functional maturity, indexed
by signed and absolute differences between chronological age and predicted age, and tested
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group differences in global functional maturity between TE and NTE women. To test the effect
of trauma exposure on the functional maturity of each of the three network clusters (affective,
cognitive, and sensory-motor networks), we used each network’s normative model trained on the
NKI-RS data to predict that network’s age in each of the TE and NTE women. We then
estimated network-specific functional maturity, indexed by signed and absolute differences
between chronological age and predicted age, and tested group differences in network-specific
functional maturity between TE and NTE women. We hypothesized that, compared to NTE
controls, TE women would show greater maturity of the affective networks, lower maturity of
the cognitive networks, and age-appropriate maturity of the sensory-motor networks. We also
hypothesized that TE and NTE women would show similar global functional maturity, because
the opposite effects of trauma on the maturity of distinct networks would be expected to cancel
one another.
1.6.2 Does atypical brain maturity moderate the relationship between trauma
exposure during development and adverse outcomes in emerging adulthood?
Although previous research has produced important insights into the effects of early life
trauma on brain maturation, the functional significance of trauma-related alterations of
neurodevelopment is unclear. For example, accelerated cortico-limbic maturation in childhood
has been postulated as an adaptation to a stressful early environment (Callaghan et al., 2014; Gee
et al., 2013a). This short-term adaptation might come at the expense of delayed maturation of the
slower-developing higher-order cognitive networks (e.g., Philip et al., 2013; Whittle et al., 2016)
and reward circuitry (Hanson et al., 2015a), as well as a higher risk of psychopathology later in
life (e.g., Gur et al., 2019). However, this hypothesis has not been explicitly tested. Therefore,
our second aim was to determine the relative contributions of atypical global and network-
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specific maturity to adverse psychological and physiological outcomes of trauma exposure in
emerging adulthood (Figure 1).
To determine the functional significance of atypical functional maturity in TE women and
identify developmentally vulnerable networks, we tested associations between functional
maturity (global and network-specific) and adverse trauma outcomes, including greater
perceived stress, more PTSD symptoms, greater number of psychiatric disorders, and altered
SNS and HPA function, indexed by salivary alpha-amylase and cortisol, respectively, at baseline
and in response to a trauma reminder. We hypothesized that worse outcomes would be
associated with a more atypical global functional maturity. We also hypothesized that worse
outcomes would be associated with lower maturity of affective networks, lower maturity of
cognitive networks, and no difference in sensory-motor network maturity. Finally, we tested
global and network-specific functional maturity as a moderator of the relationship between
trauma exposure during development and adverse trauma outcomes in emerging adulthood. We
hypothesized that atypical global and network-specific functional maturity would moderate the
relationship between trauma exposure and adverse trauma outcomes, including greater perceived
stress, more PTSD symptoms, greater number of psychiatric disorders, and altered SNS and HPA
function.
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Figure 1. We tested disrupted maturation of the functional connectome and distinct neural
networks as two mechanisms that moderate the relation between trauma exposure at different stages
of development and adverse trauma outcomes in emerging adulthood. The left graph illustrates the
idea of non-linear and network-specific maturation of the functional connectome and depicts
distinct developmental trajectories of two hypothetical neural circuits. In this hypothetical scenario,
as both circuits mature, the strength of functional connectivity changes. However, the sensitive
period of circuit 2, as indexed by a steep downward slope, occurs in early childhood, whereas the
sensitive period of circuit 1 occurs in adolescence. Consequently, these two hypothetical circuits
could be differentially sensitive to trauma in childhood vs. adolescence. We hypothesized that
trauma exposure interacts with the distinct developmental trajectories of the brain as a whole and of
specific functional networks to produce distinct outcomes later in life. Therefore, we tested ageatypical global and network-specific functional maturity as a moderator, rather than a mediator, of
the relationship between trauma exposure during development and trauma outcomes in emerging
adulthood.
1.6.3 Does brain maturity moderate the relationship between trauma characteristics
and outcomes in emerging adulthood?
The evidence for clinical, neurobiological, and neuroendocrine sequelae of trauma
exposure includes a number of factors that can significantly influence the relationships between
trauma exposure and trauma outcomes, such as trauma timing, type, and number of traumatic
events (e.g., Bunea et al., 2017; Gur et al., 2019; McLaughlin et al., 2019; Paquola et al., 2016).
Trauma timing might be a particularly pertinent moderator of trauma effects on brain maturation.
38

As different neural circuits mature at different rates (e.g., Betzel et al., 2014; Gogtay et al., 2004;
Lebel et al., 2012), at any given point in development, some brain circuits might be more
susceptible to traumatic stress than others, depending on the timing of each circuit’s sensitive
periods (Figure 2). Thus, trauma timing might interact with developmental trajectories of distinct
neural circuits (Andersen and Teicher, 2008; Bick and Nelson, 2016; Chen and Baram, 2016;
Knudsen, 2004; Lupien et al., 2009) to produce specific patterns of neural alterations (Andersen
et al., 2008) and clinical outcomes (Maercker et al., 2004).
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Figure 2. Trauma at a given period in development might differentially alter the maturation of
individual neural networks and result in a distinct pattern of functional dysconnectivity in
adulthood. The graph depicts distinct trajectories of two hypothetical neural circuits and the
hypothesized differential effects of childhood and adolescent trauma on the two circuits. In this
hypothetical scenario, childhood trauma occurs during a sensitive period of active maturation of
circuit 2 but not circuit 1 and alters the maturational trajectory of circuit 2 specifically. In contrast,
adolescent trauma occurs during active maturation of circuit 1 but not circuit 2 and alters the
maturational trajectory of circuit 1 specifically. When trauma occurs outside of a circuit’s sensitive
period, it has no effect on that circuit’s maturation rate.
Trauma type is another important factor that has been linked to distinct trauma outcomes.
For example, threat-related early life adversity has been associated with distinct neural
alterations compared to deprivation-related early life adversity (McLaughlin et al., 2019). In
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addition, earlier pubertal onset has been shown to mediate the relationship between adverse
mental health outcomes and exposure to threat but not deprivation (Colich et al., 2019).
Similarly, trauma type has been linked to different aspects of the HPA axis function. For
example, history of physical abuse in adolescence was associated with faster HPA reactivity to
an acute physical stressor, whereas emotional abuse was associated with delayed HPA recovery
following acute stress (Kuhlman et al., 2015). Finally, interpersonal trauma, particularly of
sexual nature, has been associated with higher risk for PTSD and other types of psychological
problems compared to other types of trauma, suggesting that sexual trauma might have
particularly strong effects on the brain (e.g., DiMauro et al., 2018; Keshet and GilboaSchechtman, 2019; Müller et al., 2018).
Number of traumatic events during development is an additional moderator of trauma
effects on psychological and physiological outcomes. For example, there is a dose-response
relationship between number of traumatic events, particularly early in life, and subsequent
symptoms of depression, anxiety, and stress (e.g., Gur et al., 2019; McFarlane et al., 2005).
Similarly, a number of structural and functional brain alterations associated with early life
trauma, including greater global brain maturity, have been observed in trauma-exposed people
with multiple traumas only (Gur et al., 2019). In addition, women with PTSD who experienced
both childhood and adulthood sexual abuse show higher daily output of cortisol and
catecholamines compared to women with a history of childhood sexual abuse only (Friedman et
al., 2007). Together, these results are consistent with the notion that chronic or repeated stress
can have cumulative effects on the organism and is particularly damaging during development
(e.g., Danese and McEwen, 2012).
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Thus, our third aim was to test the impact of trauma characteristics, including trauma
timing, trauma type, and number of traumatic events, on the global and network-specific
maturity of the functional connectome and trauma outcomes in emerging adulthood.
Trauma timing. We tested the associations between age at trauma and the functional
maturity of the entire connectome and each network separately. We hypothesized that earlier
trauma would be associated with a more atypical global maturity. Given that networks differ in
developmental trajectories, we also hypothesized that the functional maturity of different
networks in emerging adulthood would be associated with different age at trauma. We also
hypothesized that atypical global and network-specific maturity would moderate the relationship
between trauma timing and trauma outcomes, including perceived stress, PTSD symptoms,
number of psychiatric disorders, and SNS and HPA function.
Trauma type. We tested the associations between sexual trauma and the functional maturity
of the entire connectome and each network separately. We hypothesized that, compared to nonsexual trauma, sexual trauma would be associated with a more atypical global maturity, greater
maturity of the affective networks, lower maturity of the cognitive networks, and no difference in
sensory-motor network maturity. We also hypothesized that altered functional maturity would
moderate the relationship between sexual trauma and adverse trauma outcomes, including greater
perceived stress, more PTSD symptoms, greater number of psychiatric disorders, and altered
SNS and HPA function.
Number of traumatic events. We tested the associations between number of traumatic
events and the functional maturity of the entire connectome and each network separately. We
hypothesized that greater number of traumatic events would be associated with a more atypical
global brain maturity, greater maturity of the affective networks, lower maturity of the cognitive
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networks, and no difference in sensory-motor network maturity. We also hypothesized that
altered functional maturity would moderate the relationship between greater number of traumatic
events and adverse trauma outcomes, including greater perceived stress, more PTSD symptoms,
greater number of psychiatric disorders, and altered SNS and HPA function.

2. Method
2.1 Participants
We recruited 36 trauma-exposed (TE) women ages 18-29 (age: M = 21.2, SD = 2.7) and 24
no-trauma control (NTE) women ages 18-27 (age: M = 20.9, SD = 2.7) from an urban university
in the northeastern US (see Table 1 for demographic information). Participants were recruited
based on their responses to an online version of the Life Events Checklist, a 17-item self-report
screen for exposure to potentially traumatic events (Gray et al., 2004). Presence and timing of
trauma exposure were subsequently determined during a structured clinical interview. Trauma
exposure was verified using Criterion A of the PTSD module of the Diagnostic and Statistical
Manual of Mental Disorders IV (DSM-IV), which defines trauma exposure as an event that
involves actual or perceived threat to life or physical integrity of self or others and elicits intense
fear, helplessness, or horror.
Exclusion criteria were male gender, age over 30, history of head trauma, history of a
developmental or neurological disorder, MRI incompatibility, and left-handedness. Given the
well-documented sex differences in rates of trauma-related psychopathology (e.g., Breslau,
2009), stress system activity and susceptibility to stress (e.g., Bale and Epperson, 2015), and
development of functional connectivity (e.g., Alarcón et al., 2015), we recruited an all-female
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sample to avoid any confounding effects of sex on the maturity of the functional connectome,
stress reactivity, and trauma-related symptoms.

Table 1. Demographics.
Variable
Age in years, M (SD), range

Trauma (n=36)

Controls (n=24)

21.2 (2.7), 18-29 20.9 (2.7), 18-27

Normative sample (n=79)
23.2 (11.8), 6-45

Race/ethnicity, n (%)
Asian/Pacific Islander

10.0 (27.8)

9.0 (37.5)

8.0 (10.1)

6.0 (16.7)

2.0 (8.3)

16.0 (20.3)

12.0 (33.3)

5.0 (20.8)

12.0 (15.2)

White, non-Hispanic

6.0 (16.7)

5.0 (20.8)

41.0 (51.9)

Multiple

2.0 (5.6)

3.0 (12.5)

0.0 (0.0)

Other

0.0 (0.0)

0.0 (0.0)

2.0 (2.5)
N/A

Black, non-Hispanic
Hispanic

PSS, M (SD)

22.2 (7.3) **

17.2 (5.5)

STAI-S, M (SD)

48.0 (12.1) ***

37.6 (11.0)

MASC, M (SD)
BDI-II, M (SD)
CDI, M (SD)
PANAS (negative), M (SD)
PANAS (positive), M (SD)

N/A

N/A

17.7 (10.3) **

10.7 (7.2)

N/A
9.5 (3.4) ***
11.3 (3.7)

* p < 0.05
** p < 0.01
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30.1 (8.5) *
40.6 (13.6)
2.5 (4.0) ***

N/A

4.7 (4.1)

6.8 (2.1)

N/A

11.7 (4.3)

N/A

*** p < 0.001

PSS = Perceived Stress Scale
STAI-S = State-Trait Anxiety Inventory-State Version
MASC = Multidimensional Anxiety Scale for Children
BDI-II = Beck Depression Inventory II
CDI = Children’s Depression Inventory 2
PANAS = Positive and Negative Affect Schedule

2.2 Procedure
The study consisted of two sessions: a lab visit and an MRI scan. The lab visit was always
scheduled at 10:00 AM to control for diurnal variation in salivary biomarkers and included a
structured clinical interview, collection of saliva samples, and completion of questionnaires. The
study protocol was approved by the Institutional Review Board and carried out in accordance
with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
2.2.1 Clinical interview
Following informed consent, participants completed a clinical interview that consisted of
the Structured Clinical Interview for DSM-IV Disorders (SCID; First et al., 1997) and the
Clinician-Administered PTSD Scale (CAPS-5; Weathers et al., 2014). We used the SCID to
assess lifetime history and any current symptoms of major psychiatric disorders, as well as
participants’ general health and substance use. We used the CAPS to assess trauma exposure, the
frequency and severity of PTSD symptoms, and the number, timing, duration, and type of
lifetime traumatic events (see Table 2 for trauma characteristics and symptoms). During the
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interview, we also inquired about current use of hormonal contraceptives and current menstrual
cycle phase, as sex hormone levels have been shown to influence functional connectivity (e.g.,
Peper et al., 2011) and stress reactivity in women (e.g., Kajantie et al., 2006). We also collected
information on participants’ waking time and exercise or cigarettes that morning, given that these
factors have been shown to impact levels of salivary biomarkers (e.g., Badrick et al., 2007; Nater
et al., 2007). Potential confounding variables, including developmental history, body mass index,
smoking, time since waking, menstrual cycle regularity and phase, hormonal contraceptive use,
and psychotropic substance use, are presented in Table 3. The effects of potential confounds on
variables of interest are presented in Section 5.1.3 of the Appendix.

Table 2. Structured clinical interview.
Variable

Trauma (n=35)

Interpersonal trauma, n (%)

Controls (n=24)

32.0 (91.4)

N/A

Sexual assault

13.0 (37.1)

N/A

Physical assault

11.0 (31.4)

N/A

Assault with a weapon

3.0 (8.6)

N/A

Fire/explosion

2.0 (5.7)

N/A

Sudden, unexpected death of loved one

2.0 (5.7)

N/A

Other unwanted sexual experience

2.0 (5.7)

N/A

Natural disaster

1.0 (2.9)

N/A

Other very stressful event

1.0 (2.9)

N/A

1.9 (1.1), 1-5

N/A

Index trauma type, n (%)

Number of traumas, M (SD), range
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Trauma timing
Any child trauma, n (%)

20.0 (57.1)

N/A

Any adolescent trauma, n (%)

19.0 (54.3)

N/A

Any adult trauma, n (%)

19.0 (54.3)

N/A

Child trauma only, n (%)

3.0 (8.6)

N/A

Adolescent trauma only, n (%)

6.0 (17.1)

N/A

Adult trauma only, n (%)

8.0 (22.9)

N/A

11.4 (6.4), 3-27

N/A

20.0 (57.1)

N/A

Earliest trauma in adolescence, n (%)

7.0 (20.0)

N/A

Earliest trauma in adulthood, n (%)

8.0 (22.9)

N/A

Years since the most recent trauma, M (SD), range

3.7 (3.7), 0-15

N/A

Years since the earliest trauma, M (SD), range

9.7 (5.7), 1-19

N/A

Total number of PTSD symptoms, M (SD), range

6.0 (4.5), 0-18

N/A

Number of re-experiencing symptoms

1.5 (1.5)

N/A

Number of avoidance symptoms

1.0 (0.8)

N/A

Number of negative cognition symptoms

2.2 (1.7)

N/A

Number of hyperarousal symptoms

1.3 (1.5)

N/A

Age at the earliest trauma, M (SD), range
Earliest trauma in childhood, n (%)

Total severity of PTSD symptoms, M (SD), range

16.6 (11.8), 0-46

Severity of re-experiencing symptoms

4.0 (3.4)

N/A

Severity of avoidance symptoms

2.6 (1.9)

N/A

Severity of negative cognition symptoms

6.0 (4.4)

N/A
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Severity of hyperarousal symptoms

4.1 (3.8)

N/A

Current PTSD diagnosis, n (%)

12.0 (34.3)

0.0 (0.0)

Current psychiatric diagnosis, n (%)

18.0 (51.4) *

6.0 (25.0)

Generalized anxiety disorder

7.0 (20.0)

2.0 (8.3)

Social phobia

7.0 (20.0)

2.0 (8.3)

Dysthymia

7.0 (20.0)

0.0 (0.0)

Major depressive disorder

6.0 (17.1)

3.0 (12.5)

Specific phobia

4.0 (11.4)

2.0 (8.3)

Panic disorder

4.0 (11.4)

1.0 (4.2)

Obsessive-compulsive disorder

1.0 (2.9)

0.0 (0.0)

Past psychiatric diagnosis, n (%)

23.0 (65.7) **

7.0 (29.2)

17.0 (48.6)

6.0 (25.0)

Panic disorder

9.0 (25.7)

1.0 (4.2)

Alcohol abuse

7.0 (20.0)

1.0 (4.2)

Social phobia

6.0 (17.1)

2.0 (8.3)

Anorexia

4.0 (11.4)

0.0 (0.0)

Alcohol dependence

3.0 (8.6)

0.0 (0.0)

Generalized anxiety disorder

3.0 (8.6)

2.0 (8.3)

Hypomania

3.0 (8.6)

1.0 (4.2)

Specific phobia

2.0 (5.7)

2.0 (8.3)

Binge eating

2.0 (5.7)

0.0 (0.0)

Obsessive-compulsive disorder

2.0 (5.7)

0.0 (0.0)

Major depressive disorder
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Substance use

2.0 (5.7)

0.0 (0.0)

Substance dependence

2.0 (5.7)

0.0 (0.0)

Bulimia

1.0 (2.9)

1.0 (4.2)

Lifetime psychiatric diagnosis, n (%)

25.0 (71.4) **

7.0 (29.2)

Number of current psychiatric diagnoses, M (SD)

1.1 (1.5) *

0.5 (1.1)

Number of past psychiatric diagnoses, M (SD)

1.8 (2.0) **

0.7 (1.3)

Number of lifetime psychiatric diagnoses, M (SD)

2.2 (2.2) **

0.7 (1.4)

* p < 0.05
** p < 0.01

Table 3. Potential confounds.
Variable

Trauma (n=35)

Controls (n=24)

Birth complications, n (%)

8.0 (22.9)

3.0 (12.5)

Possible developmental delays, n (%)

3.0 (8.6)

0.0 (0.0)

Atypical puberty onset age, n (%)

2.0 (5.7)

1.0 (4.2)

25.4 (7.0)

23.9 (4.9)

BMI, M (SD)
Minutes since waking, M (SD), range

166.4 (56.1), 99-300

Smoking, n (%)

160.2 (57.4), 60-273

3.0 (8.6)

1.0 (4.2)

Oral contraceptive use, n (%)

14.0 (40.0)

8.0 (33.3)

Regular menstrual cycle, n (%)

24.0 (68.6)

16.0 (66.7)

Menstrual phase during interview, n (%)
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Early follicular

6.0 (17.1)

4.0 (16.7)

Late follicular

6.0 (17.1)

5.0 (20.8)

Early luteal

6.0 (17.1)

2.0 (8.3)

Late luteal

6.0 (17.1)

4.0 (16.7)

Early follicular

2.0 (5.7)

2.0 (8.3)

Late follicular

3.0 (8.6)

4.0 (16.7)

Early luteal

6.0 (17.1)

3.0 (12.5)

Late luteal

11.0 (31.4)

4.0 (16.7)

8.0 (22.9)

2.0 (8.3)

Menstrual phase during fMRI scan, n (%)

Psychotropic substance use, n (%)

2.2.2 Saliva collection
Participants were asked not to eat, smoke, or drink for one hour before the study. All
participants had been awake for an average of 2.7 hours (SD = 0.9; range: 1-5), such that cortisol
reactivity did not overlap with the cortisol awakening response which peaks around 30 minutes
after awakening (Fries et al., 2009). To measure stress reactivity to a trauma reminder, we
collected three saliva samples via oral swabs (Salimetrics, LLC): immediately after informed
consent at approximately 10:05 AM (time point T1), immediately after trauma discussion (time
point T2), and 20 min after the second sample (time point T3; to account for the ~20-min lag in
cortisol response to a stressor; e.g., Dickerson and Kemeny, 2004). Samples were stored in
sealed plastic tubes in a -20 C freezer until the time of analysis. See Table 4 for mean salivary
alpha-amylase and cortisol values by trauma group.
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Table 4. Salivary biomarkers.
Variable

Trauma

Controls

Basal alpha-amylase (T1) in U/ml, Median (IQR)

18.19 (35.55)

23.34 (27.77)

Reactive alpha-amylase (T2) in U/ml, Median (IQR)

27.52 (44.27)

25.56 (38.46)

Alpha-amylase reactivity (% change), Median (IQR)

42.99 (137.69)

40.27 (62.60)

Alpha-amylase reactivity (delta), Median (IQR)

8.84 (32.68)

7.21 (18.02)

Basal cortisol (T2) in Ug/dl, Median (IQR)

0.25

(0.13)

0.20

(0.20)

Reactive cortisol (T3) in Ug/dl, Median (IQR)

0.21

(0.19)

0.22

(0.17)

Cortisol reactivity (% change), Median (IQR)

-18.60 (32.26)

Cortisol reactivity (delta), Median (IQR)

-0.04

(0.07)

-7.16 (29.40)
-0.02

(0.07)

2.2.3 Questionnaires
After the interview, the participants completed four questionnaires, including the Perceived
Stress Scale (PSS, Cohen et al.,1983), the Beck Depression Inventory II (BDI-II, Beck et al.,
1996), the State-Trait Anxiety Inventory-State Version (STAI-S, Spielberger et al., 1983), and
the Positive and Negative Affect Schedule (PANAS, Watson et al., 1988; see Table 1). The PSS
is a 10-item questionnaire that measures the degree to which life events over the past month are
perceived as stressful, uncontrollable, and unpredictable. PSS scores above 20 are consistent
with high perceived stress. The BDI-II is a 21-item questionnaire that measures depressed mood
over the past two weeks. BDI-II scores of 30 and above are consistent with severe depressed
mood. The STAI-S is a 20-item questionnaire that measures state anxiety. STAI-S scores of 40
and above are consistent with high state anxiety. The PANAS is a 20-item questionnaire that
measures state negative and positive affect.
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2.2.4 MRI scan
The MRI session included a set of high-resolution structural scans (~13 min) and a 7-min
resting scan, during which the participants were instructed to keep their eyes fixated on a white
cross on a black background and let their minds wander. Imaging data were acquired using a
novel Human Connectome Project (HCP) data acquisition protocol (Glasser et al., 2016b) and a
64-channel gradient head coil on a Siemens MAGNETOM Prisma 3T MRI scanner. We acquired
a T1-weighted (T1w) image using the MPRAGE sequence (TR/TE/flip angle=2.4s/2.28ms/8°;
FOV=256x256mm; voxel size=0.8mm3). We acquired resting-state functional data using
multiband image acquisition and a gradient-echo echo-planar imaging (EPI) T2*-weighted
sequence (TR/TE/flip angle=995ms/34ms/52°; FOV=208x208mm; voxel size=2mm3; MB=6;
425 volumes).
2.2.5 Normative model training dataset
Demographics. To build a normative model of functional connectivity changes as a
function of age (i.e., functional brain maturation), we used neuroimaging data from the enhanced
Nathan Kline Institute-Rockland Sample (NKI-RS) dataset (Nooner et al., 2012). We used the
following inclusion criteria to select the normative sample: female gender, age 6-45, righthanded, no neurological, developmental, or psychiatric disorders, no prior history of trauma
exposure, usable resting-state functional MRI data, and at least one usable anatomical MRI scan.
Handedness was assessed using the Edinburgh Handedness Questionnaire (EHQ; modified from
Oldfiled, 1971), and participants with positive EHQ scores were included. We chose the 6-45
age range in order to capture the normative maturational trajectory of the functional connectome
from middle childhood, when the brain approaches its adult weight and size, through the 5th
decade of life, when even some of the most protracted developmental processes, such
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intracortical myelination (e.g., Grydeland et al., 2013) and white matter maturation (e.g., Lebel et
al., 2012), reach a stable state.
Lifetime neurological and psychiatric history was assessed using the Structured Clinical
Interview for DSM-IV-TR (SCID; First et al., 2002) and the Adult ADHD Clinical Diagnostic
Scale (ACDS; Kessler et al., 2010) for participants above age 18, and the Kiddie Schedule for
Affective Disorders and Schizophrenia for participants ages 6-17 (K-SADS; Kaufman et al.,
1997). Only participants who did not meet criteria for any current or past psychiatric diagnoses
as assessed by the above measures were included in the normative sample.
Trauma exposure was assessed using the University of California at Los Angeles
Posttraumatic Stress Disorder Reaction Index (UCLA-Youth; Pynoos et al., 1998), which was
completed by all participants. In addition, guardians of participants ages 6-17 completed the
UCLA-Parent version. Participants were considered trauma exposed if they met both Criterion
A1 and Criterion A2 as assessed by the UCLA-Youth or the UCLA-Parent (for participants
under 18). If a participant endorsed trauma exposure during one study visit but not during a later
study visit, she was considered trauma exposed.
Using the above criteria, we selected 85 female participants ages 6-45 without any prior
history of trauma, or neurological, developmental, or major psychiatric disorders as reported in
the diagnostic summary, which was completed by the NKI-RS study staff following review of
the SCID and ACDS or K-SADS (see Table 1 for demographic information of the normative
sample).
Questionnaires. Similar to our TE and NTE groups, NKI-RS participants also completed
questionnaires measuring mood and affect, including the STAI and BDI-II for participants above
age 18, and the Multidimensional Anxiety Scale for Children (MASC) and the Children’s
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Depression Inventory 2 (CDI-2) for participants under age 18. The MASC is a 39-item selfreport measure of anxiety in children and adolescents (March, 1998). The CDI-2 is a 28-item
self-report measure of current cognitive, affective, and behavioral signs of depression in children
and adolescents (Kovacs, 2004).
Neuroimaging data. From the entire NKI-RS sample, we selected fMRI data acquired as
part of the Cross-Sectional Lifespan Connectomics Study, the Longitudinal Developmental
Connectomics Study, or the Adult Longitudinal Study, and excluded fMRI data acquired as part
of the Neurofeedback Study due to differences in fMRI acquisition protocols. Because some
participants completed several fMRI scans as part of the longitudinal studies (up to 5 scans per
participant), we included only one scan per participant to meet the independence assumption. In
selecting which scan to include we used the following criteria: 1) no trauma exposure prior to the
scan, 2) no prior or current psychiatric or neurological history, and 3) usable fMRI data (e.g., no
major artifacts, not truncated). When several scans met the above criteria, we selected the scan
with the least amount of head motion, measured as mean framewise displacement (Power et al.,
2012). When several eligible scans had comparable amounts of head motion, we selected the
scan that was acquired at an age that was relatively underrepresented in the selected normative
sample. Using the above criteria, we excluded 39 out of 124 available fMRI scans, such that each
of the 85 participants had only one fMRI scan.
Neuroimaging data acquisition parameters. NKI-RS imaging data were acquired using a
Siemens MAGNETOM Trio Tim 3T MRI scanner and a 32-channel gradient head coil. We used
the selected participants’ T1w MPRAGE images (TR/TE/flip angle=1.9s/2.52ms/9°;
FOV=250x250mm; voxel size=1mm3) and the 9.5-min resting-state scans which were acquired
using multiband image acquisition and a gradient-echo echo-planar imaging (EPI) T2*-weighted
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sequence (TR/TE/flip angle=1.4s/30ms/65°; FOV=224x224mm; voxel size=2mm3; MB=4; 404
volumes). During the resting scan, NKI-RS participants were instructed to keep their eyes fixated
on a white cross presented on a black background.
2.3 Data preparation
2.3.1 Saliva immunoassay
Saliva samples were assayed in-house for salivary alpha-amylase (sAA) and cortisol using
Salimetrics enzyme immunoassay kits (Salimetrics, LLC). The sAA assay utilizes a chromogenic
substrate, 2-chloro-p-nitrophenol linked to maltotriose. The amount of sAA present in each
sample is directly proportional to the increase in absorbance. The intra- and inter-assay
coefficients of variation for these kits are less than 7.5% and 6%, respectively. The cortisol assay
utilizes a microtiter plate coated with monoclonal anti-cortisol antibodies. Cortisol in samples
and standards competes with cortisol conjugated with peroxidase for the antibody binding sites.
The amount of cortisol enzyme conjugate detected is inversely proportional to the amount of
cortisol present in the sample. The intra- and inter-assay coefficients of variation for these kits
are less than 7% and 10%, respectively. All assays were conducted in-house by lab personnel.
Given that sAA levels reflect autonomic activity at the time of measurement, we calculated
sAA reactivity to a trauma reminder as percent change from timepoint T1 (pre-interview) to
timepoint T2 (trauma discussion). As cortisol levels peak ~20 min after the stressor, we
calculated cortisol reactivity as percent change from timepoint T2 (trauma discussion) to
timepoint T3 (20 min later).
2.3.2 Imaging data preprocessing
Usable MRI data were available for 85 participants in the training dataset (NKI-RS
sample) and 29 TE participants and 19 NTE participants in the test dataset. Both the training and
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test datasets were preprocessed similarly (see Figure 5 for an overview of the preprocessing
workflow). Anatomical T1w scans and resting-state functional scans were preprocessed using the
fMRIPrep workflow (1.4.1rc1; https://fmriprep.readthedocs.io/en/stable/; Esteban et al., 2019;
RRID:SCR_016216) based on Nipype 1.2.0 (Gorgolewski et al., 2011; RRID:SCR_002502),
which combines tools from multiple software packages. Many internal operations of fMRIPrep
use Nilearn (RRID:SCR_001362), principally within the functional data preprocessing
workflow.
Structural data preprocessing. Each structural image was visually inspected, and images
affected by severe motion artifacts were excluded. T1w images were corrected for intensity
nonuniformity (INU) with N4BiasFieldCorrection v2.1.0 (Tustison et al., 2010), distributed with
ANTs 2.2.0 (Avants et al., 2008; RRID:SCR_004757). The INU-corrected T1w image was used
as a T1w-reference image throughout the workflow. When several T1w images were available
for the same participant, a T1w-reference image was computed by co-registering and averaging
the INU-corrected T1w images using mri_robust_template (FreeSurfer 6.0.1, Dale et al., 1999).
When three or more T1w images were available, an unbiased T1w template equidistant from all
T1w images was generated. The T1w-reference image was then skull-stripped with a Nipype
implementation of the antsBrainExtraction.sh v2.1.0 workflow (ANTs), using OASIS30ANTs as
target template.
The skull-stripped T1w reference image was then segmented into cerebrospinal fluid
(CSF), white matter (WM), and gray matter (GM) using FAST (FSL 5.0.9, RRID:SCR_002823,
Zhang et al., 2001). Brain surfaces were reconstructed using recon-all (FreeSurfer 6.0.1,
RRID:SCR_001847, Dale et al., 1999). The brain mask initially generated using ANTs was
refined with a custom variation of a method that reconciles ANTs-derived and FreeSurfer-
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derived segmentations of the cortical gray matter (RRID:SCR_002438, Klein et al., 2017). The
T1w reference image was co-registered to a standard template in MNI space (ICBM 152
nonlinear asymmetrical template version 2009c, MNI152NLin2009cAsym; Fonov et al., 2009;
RRID:SCR_008796) using nonlinear registration with antsRegistration (ANTs 2.2.0), using
brain-extracted versions of both T1w reference and the standard template.
Functional data preprocessing. For each resting-state functional run, the following
preprocessing was performed. First, a reference functional volume and its skull-stripped version
were generated using a custom methodology of fMRIPrep. When non-steady-state volumes were
detected, they were averaged and used as a reference due to their enhanced tissue contrast.
Alternatively, the median of a motion-corrected subset of volumes was used as a functional
reference image. Head-motion parameters with respect to the functional reference image (i.e.,
transformation matrices and six corresponding rotation and translation parameters) were
estimated using six-degree-of-freedom registration in MCFLIRT (FSL 5.0.9, Jenkinson et al.,
2002).
A deformation field to correct for susceptibility distortions was estimated based on
fMRIPrep’s fieldmap-less approach based on the ANTs symmetric normalization (SyN)
technique. The deformation field is that resulting from co-registering the functional reference to
the same-subject T1w-reference with its intensity inverted (Wang et al., 2017; Huntenburg,
2014). Registration was performed with antsRegistration (ANTs 2.2.0), regularized by
constraining deformation to be nonzero only along the phase-encoding direction, and modulated
with an average fieldmap template (Treiber et al., 2016). Based on the estimated susceptibility
distortion, an unwarped functional reference image was calculated for a more accurate coregistration with the anatomical reference image. The functional reference image was then co-
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registered to the T1w reference image using bbregister (FreeSurfer) which implements
boundary-based registration (Greve and Fischl, 2009). Co-registration was configured with nine
degrees of freedom to account for distortions remaining in the functional reference.
The functional time-series were resampled onto their native space by applying a single,
composite transform to correct for head-motion and susceptibility distortions, to generate a
preprocessed functional run in native space. The functional time-series were also resampled into
standard volume space (MNI152NLin2009cAsym space) and onto the fsaverage5 standard
surface. All resamplings were performed with a single interpolation step by composing all the
pertinent transformations (i.e., head-motion parameters, susceptibility distortion correction, and
co-registrations to anatomical [EPI-to-T1w] and reference spaces [T1w-to-MNI]). Volumetric
resampling was performed using antsApplyTransforms (ANTs v2.1.0), configured with Lanczos
interpolation to minimize the smoothing effects of other kernels (Lanczos, 1964). Surface
resampling was performed using mri_vol2surf (FreeSurfer), by sampling the cortical ribbon at
six intervals and assigning the average to each vertex.
Estimation of confound timeseries. Several confounding timeseries were calculated based
on the preprocessed functional data. Framewise displacement (FD) and average change in mean
intensity between each pair of fMRI volumes (DVARS) were calculated using their
implementations in Nipype, following the definitions by Power et al. (2014). The three global
signals were extracted within the CSF, the WM, and the whole-brain masks. The confound time
series derived from head motion estimates and global signals were expanded with the inclusion
of temporal derivatives and quadratic terms for each (Satterthwaite et al., 2013).
Conversion to CIFTI format. We converted the anatomical and functional data outputs of
the fMRIPrep preprocessing pipeline to the Connectivity Informatics Technology Initiative
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(CIFTI; https://www.nitrc.org/projects/cifti/) format, which is compatible with HCP tools and
offers a number of advantages over traditional volume (e.g., NIFTI) and surface (e.g., GIFTI)
formats (e.g., Coalson et al., 2018). For example, in CIFTI format, cortical gray matter which
conforms best to 2D geometry is stored as surface vertices, whereas subcortical structures which
have globular 3D morphology are stored as subcortical voxels (e.g., Glasser et al., 2013). In
addition, in CIFTI format, high-resolution neuroimaging data can be condensed into a set of gray
matter coordinates (i.e., cortical surface vertices and subcortical voxels collectively known as
“grayordinates”), which allows for a more compact representation and smaller file size (e.g.,
~200k voxels in a standard 2mm isotropic volume space vs. ~90k grayordinates in the standard
CIFTI space).
To convert the preprocessed data to the CIFTI format, we used the fmriprep_ciftify BIDSapp (Dickie et al., 2019; https://github.com/edickie/ciftify). This tool was adapted from the HCP
minimal preprocessing pipelines to convert legacy neuroimaging data that do not meet the HCP
data acquisition standards to the formats compatible with HCP tools (Glasser et al., 2013). As
part of the structural fmriprep_ciftify workflow (ciftify_recon_all): 1) FreeSurfer output surfaces
were converted to GIFTI and CIFTI formats, and 2) the native cortical meshes were aligned and
resampled to the standard 32k fs_LR mesh using the MSMSulc algorithm, which aligns surfaces
based on sulcal anatomy (Robinson et al., 2018). The 32k fs_LR mesh is a bilaterally
symmetrical standard surface mesh that consists of vertices spaced about 2 mm apart and is best
suited for the low-resolution fMRI data (Glasser et al., 2013). T1w images and volumetric
outputs of the FreeSurfer pipeline were nonlinearly co-registered to the MNI standard space
using FSL’s FNIRT, which unlike the spatial normalization in fMRIPrep (using ANTs),
generates less distortion and does not overfit to folding patterns (Dickie et al., 2019).

58

As part of the functional fmriprep_ciftify workflow (ciftify_subject_fmri), preprocessed
functional runs in T1w volume space (NIFTI format) were projected onto each participant’s
grayordinate space (CIFTI dense timeseries format). Resampling of cortical data was performed
using a weighted, ribbon-constrained approach, using the cortical gray matter ribbon generated
by FreeSurfer, after excluding excessively noisy voxels. Resampling of subcortical data was
performed in a subcortical parcel-constrained manner using subcortical parcels which were
generated by FreeSurfer segmentation. Surface (cortical vertices) and volumetric (subcortical
voxels) timeseries in native space were mapped onto the standard grayordinate space (~32k
subcortical voxels and ~32k cortical vertices in each hemisphere). All subsequent denoising
operations and analyses were performed on the functional data in CIFTI format.
2.3.3 Denoising of the resting-state functional data
Motion quantification. Head motion has been shown to artificially inflate functional
connectivity estimates for short-distance connections and decrease functional connectivity
estimates for long-distance connections (e.g., Power et al., 2012; Satterthwaite et al., 2012). For
each functional run, we calculated two quality control measures related to head motion:
framewise displacement (FD; Power et al., 2014), an index of head displacement between
adjacent timepoints, and DVARS (Smyser et al., 2010), an index of change in global intensity
between adjacent timepoints (root-mean-square of backwards temporal derivatives).
Following Burgess et al. (2016), DVARS were calculated on the minimally preprocessed
CIFTI dense timeseries after intensity normalization to a global mean of 10,000. DVARS were
then median centered to control for differences in thermal noise across participants, which have
been linked to differences in head size (Burgess et al., 2016). For each functional run, we
quantified contamination by head motion using the following measures: mean FD and number of
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timepoints contaminated by motion with FD > 0.39 mm and / or DVARS > 4.9 (Burgess et al.,
2016). We excluded functional runs with less than 4 minutes of data uncontaminated by motion
(i.e., FD < 0.39 mm and DVARS < 4.9). This resulted in exclusion of 6 participants from the
training dataset, such that the final sample used to train the normative models included 79
participants (see Figure 3). No participants were excluded from the test dataset.

Figure 3. Age distribution of the final normative sample which was used for training the
machine learning models of functional brain maturation (79 no-trauma NKI-RS participants; age:
M = 23.2, SD = 11.8; range: 6-45).
After exclusion of participants with excessive head motion, we observed an inverse
association between age and head motion in the younger participants (children and adolescents)
and no association between age and head motion in adults (see Figure 4).
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Figure 4. Associations between age and two measures of head motion in the training and
test datasets. The left panel shows the relationship between participants’ age and mean
framewise displacement (FD). The right panel shows the relationship between participants’ age
and the mean percentage of high-motion timepoints (i.e., timepoints with FD > 0.39 mm or
DVARS > 4.9).
Denoising approach. To minimize the effects of head motion and other sources of noise
and global artifacts on resting-state functional connectivity, we performed the following steps
using custom Matlab code (MATLAB_R2019b). Resting-state functional data in CIFTI format,
which had been minimally preprocessed using fMRIPrep, was intensity normalized to a global
4D mean of 10,000. We then built a general linear model with the following regressors: constant,
linear, and quadratic terms, 6 head motion parameters (3 rotations and 3 translations) and their
squares, first-order temporal derivatives of the 6 motion parameters and their squares, mean CSF,
white matter, and global signals and their squares, first-order temporal derivatives of the mean
CSF, white matter, and global signals and their squares (e.g., Parkes et al., 2018; Ciric et al.,
2017). All regressors, with the exception of the constant, linear, and quadratic terms, were
normalized (M = 0, SD = 1) prior to inclusion in the model. Variance associated with each of the
39 nuisance regressors was then regressed out of the minimally preprocessed and intensitynormalized resting-state fMRI data. Following nuisance regression, cleaned functional data were
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temporally filtered using a second-order zero-phase Butterworth filter with a high-pass cut-off
frequency of 0.009 Hz (Burgess et al., 2016).

Structural

Minimal preprocessing (fMRIPrep)
T1w reference image (custom)
Intensity nonuniformity correction (ANTs)
Skull-stripping (ANTs)
Brain tissue segmentation (FAST)
Surface reconstruction (FreeSurfer)
Brain mask refinement (custom)
Registration to standard MNI space (ANTs)

Functional

Training Dataset
(85 NKI-RS)
Anatomical scan
(T1w, voxel=1mm3)
Resting fMRI scan
(TR=1.4s, MB=4,
2mm3, 404 TRs)

Functional reference image (custom)
Functional brain mask (custom)
Rigid body realignment (MCFLIRT)
Susceptibility distortion correction (SyN)
Registration to T1w (FreeSurfer)
Volume one-step resampling (ANTs)
Surface one-step resampling (FreeSurfer)
Projection to CIFTI (Ciftify)
Registration to MNI space (FNIRT)
FreeSurfer surfaces to CIFTI
Minimally
data
Native to preprocessed
32k fs_LR mesh BOLD
alignment
in
32k_fs_LR
CIFTI
space
Volume to CIFTI resampling

Denoising pipeline
(Custom Matlab code)
Intensity normalization
(global 4D mean of 10,000)
Nuisance regression
- constant, linear, and quadratic terms
- normalized motion parameters +
expansions (24)
- normalized mean CSF and WM
signals + expansions (8)
- normalized mean global signal +
expansions (4)
Temporal filtering
(2nd-order zero-phase Butterworth
highpass filter: cut-off = 0.009 Hz)

Figure 5. Overview of the preprocessing and denoising workflows.
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Test Dataset
(29 TE & 19 NTE)
Anatomical scan
(T1w, voxel=.8mm3)
Resting fMRI scan
(TR=0.995s, MB=6,
2mm3, 425 TRs)

2.3.4 Functional connectivity estimation
All functional connectivity estimation operations were performed on the cleaned and
filtered functional data using custom Matlab code and Connectome Workbench v1.4.2
(https://www.humanconnectome.org/software/workbench-command). An overview of the
functional connectivity estimation workflow is presented in Figure 6.
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Figure 6. Overview of the functional connectivity estimation and machine learning
workflows.
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Parcellation scheme. We used the Cole-Anticevic Brain-wide Network Partition (CAB-NP
v1.1) to parcellate the brain into 718 regions of interest (ROIs; 360 cortical and 358 subcortical)
organized into 12 functional networks: primary visual, secondary visual, somatomotor, cinguloopercular, dorsal attention, language, frontoparietal, auditory, default mode, posterior
multimodal, ventral multimodal, and orbito-affective (Ji et al., 2019;
https://github.com/ColeLab/ColeAnticevicNetPartition; see Figure 7). This network partition was
generated using the HCP’s multimodal cortical parcellation atlas (HCP_MMP1.0; Glasser et al.,
2016a), which consists of 180 cortical parcels in each hemisphere. The network partition was
further extended into subcortical gray matter by assigning each subcortical voxel to the cortical
network with which it had the strongest average correlation (Ji et al., 2019).

N=168

Split-half validation

N=169
Orbito-Affective
Ventral Multimodal
Posterior Multimodal
Default Mode

Auditory
Frontoparietal
Language
Dorsal Attention
Cingulo-Opercular

Somatomotor

Secondary Visual
Primary Visual

Figure 7. The Cole-Anticevic Brain-wide Network Partition (CAB-NP v1.1) was used to
parcellate the brain into 360 cortical and 358 subcortical regions of interest organized into 12
functional networks.
We extracted mean timeseries from each of the 718 ROIs within the CAB-NP atlas using
wb_command -cifti-parcellate. Prior to estimating functional connectivity between each pair of
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ROIs, we discarded the first eight timepoints to allow for magnetic equilibration. As a result, we
used a total of 396 volumes for each participant in the training dataset and 417 volumes for each
participant in the test dataset. For each participant in the training dataset, we calculated temporal
signal-to-noise ratio (tSNR) for each of the 718 ROIs. We then created a group median tSNR
map (see Figure 8) and excluded ROIs with median tSNR < 100 (151 ROIs; 21% of total ROIs).
All excluded ROIs were subcortical and located either near the borders of the field-of-view or in
the areas of EPI signal dropout.

Figure 8. Group median temporal signal-to-noise ratio (tSNR) for each of the 718 ROIs in
the Cole-Anticevic Brain-wide Network Partition atlas (CAB-NP v1.1). ROIs with median tSNR
< 100 (purple-blue) were excluded from the analyses.
We used the remaining 567 ROIs to compute pairwise functional connectivity by
calculating Pearson’s correlation coefficients between each pair of ROIs. Correlation coefficients
were then converted to Z-scores using Fisher’s r-to-Z transformation. As a result, each
participant had a 567 x 567 functional connectivity matrix (160,461 unique functional
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connections or edges) which was then used for estimation of functional brain maturity (see
Figure 9).
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Figure 9. Group mean functional connectivity matrices for the training (left panel) and test
(right panel) datasets.
Quality control. To determine whether our denoising approach was successful and estimate
the amount of residual motion in the cleaned and filtered functional data, as well as its effects on
functional connectivity, we performed the following quality control steps. We plotted the
distributions of functional connectivity estimates (Fisher r-to-Z-transformed correlation
coefficients) for the training and test datasets (see Figure 10). Consistent with the previously
reported effects of global signal regression on functional connectivity (e.g., Ciric et al., 2017),
both distributions of functional connectivity estimates were normal in shape and centered on
zero.
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Figure 10. Distributions of functional connectivity estimates (Z-scores) in the training
dataset (left panel) and the test dataset (right panel). Consistent with the previously reported
effects of global signal regression (e.g., Ciric et al., 2017), both distributions of functional
connectivity estimates were normal in shape and centered on zero.
In addition, we calculated correlations between each edge (i.e., functional connection
between a given pair of ROIs) and mean FD in the training and test datasets (Figure 11). In the
training dataset, 39% of edges were correlated with FD at uncorrected p < 0.05 and 28% of edges
were correlated with FD at FDR-corrected p < 0.05. In the test dataset, 9% of edges were
correlated with FD at uncorrected p < 0.05 and none were correlated with FD at FDR-corrected p
< 0.05 (Figure 12). To minimize the effects of residual motion on functional connectivity
estimates in the training dataset, we excluded edges that were correlated with FD at uncorrected
p < 0.05 in the training dataset from all subsequent analyses. The same edges were also excluded
from the test dataset.
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Figure 11. Correlations between functional connectivity (FC) estimates and mean
framewise displacement (FD). The upper triangle of the matrix shows correlation coefficients,
whereas the lower triangle shows statistical significance of the FC-FD correlations. In the lower
triangle, edges that are correlated with FD below the FDR-corrected threshold of p = 0.05 are
shown in brown, whereas edges that are not correlated with FD are shown in green. Functional
connections correlated with FD below the uncorrected threshold of p = 0.05 were excluded from
subsequent analyses.
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Figure 12. Distributions of correlation coefficients between functional connectivity (FC)
estimates and mean framewise displacement (FD) in the training dataset (left panel) and the test
dataset (right panel). In the training dataset, 39% of edges were correlated with FD at
uncorrected p < 0.05 and 28% of edges were correlated with FD at FDR-corrected p < 0.05. In
the test dataset, 9% of edges were correlated with FD at uncorrected p < 0.05 and none were
correlated with FD at FDR-corrected p < 0.05.
2.4 Data analysis
2.4.1 Training the normative models of functional brain maturation
We used machine learning to train normative models of global and network-specific
functional maturation using the functional connectivity matrices of the selected NKI-RS
participants as the training dataset and the functional connectivity matrices of the TE and NTE
participants as the test dataset. All machine learning operations were performed in Matlab
R2019b using the Statistics and Machine Learning Toolbox and the Regression Learner App
(Natick, Massachusetts, The MathWorks Inc.). An overview of the machine learning workflow is
presented in Figure 6.
We trained several machine learning algorithms on the training dataset using different
numbers of features (i.e., edges or functional connections) and selected the model that had the
lowest leave-one-out cross-validation prediction error (see Tables 5 and 6 for prediction accuracy
of different models). We trained four normative models: one global maturation model and three
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network-specific models. For the global maturation model, we selected features from the entire
functional connectivity matrix after exclusion of the features correlated with motion (see Section
2.3.4. Functional connectivity estimation). For the network-specific maturation models, we
combined CAB-NP networks into three network clusters: affective networks (cingulo-opercular
and orbito-affective networks), cognitive networks (frontoparietal, default mode, dorsal
attention, and language networks), and sensory-motor networks (primary visual, somatomotor,
and auditory). For each of the network clusters, we trained a separate normative model of
functional maturation by selecting features from that network cluster.
Feature selection. We trained each of the functional maturation models (global and
network-specific) on 100, 500, 1000, and 5000 features that showed the strongest absolute
correlation with age. Features that were correlated with head motion were excluded. We used
leave-one-out cross-validation to determine the optimal number of features for each of the four
models based on the lowest cross-validation root-mean-square error (RMSE). Features were
normalized within each participant (i.e., converted to z-scores) and then normalized by the mean
and standard deviation of the training dataset (i.e., for each feature, we subtracted the group
mean and divided by the group standard deviation).
Support vector regression. We used support vector regression (SVR; Drucker et al., 1997;
Smola and Schölkopf, 2004; Vapnik, 1995) to train the normative models of global and networkspecific functional maturity using the four sets of selected features. SVR is a machine learning
algorithm that represents each participant’s functional connectivity matrix as a point in
multidimensional space (i.e., hyperspace) and fits a linear model to the data in hyperspace. SVR
is well-suited for high-dimensional data, such the functional connectome, which consists of over
100,000 unique connections. In contrast to multiple regression, SVR capitalizes on the rich and
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complex information contained in the functional connectome matrix without running the risk of
multicollinearity and loss of degrees of freedom. We used linear epsilon-insensitive SVR
implemented in Matlab’s Statistics and Machine Learning Toolbox.
The performance of the SVR model can be controlled by two main parameters: epsilon and
the C-parameter (e.g., Smola and Schölkopf, 2004). Epsilon defines the size of a tube around the
regression line in hyperspace, within which data points that deviate from the regression line carry
no penalty. The C-parameter controls the penalty imposed on data points outside of the epsilondefined tube and helps to prevent overfitting. Thus, the C-parameter defines the trade-off
between the flatness of the regression line and tolerance of data points that deviate from it
beyond the epsilon margin, such that a larger C allows for a steeper regression line. The loss
function is estimated based on each data point’s deviation from the epsilon-defined boundary.
Smaller epsilon and larger C result in a more flexible model, which is more susceptible to
overfitting.
Given that SVR fits a linear model in hyperspace, non-linear relationships between
predictor and outcome variables can be tested using the “kernel trick”, which transforms
nonlinear input data into a higher-dimension feature space, where a linear model can be fitted
(e.g., Ben-Hur et al., 2008). Commonly used kernels include polynomial kernels and Gaussian
kernels, where the polynomial degree and the sigma control the flexibility of the two kernels,
respectively. A larger polynomial degree and smaller sigma are associated with higher risk of
overfitting (e.g., Ben-Hur et al., 2008). We trained four SVR models using four different kernels:
linear kernel SVR, quadratic kernel SVR, cubic kernel SVR, and Gaussian kernel SVR (sigma =
130). For all the SVR models, we used the following parameters: epsilon = 1.45, C-parameter =
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14.5, which were determined using a heuristic procedure in Matlab and yielded optimal
performance.
To determine the accuracy of each of the four SVR models trained on four different sets of
features (100, 500, 1000, and 5000), we performed leave-one-out cross-validation (LOOCV).
Each participant was excluded from the training sample one at a time, and the model was trained
on the remaining participants. The held-out participant was then used to test the model. This
procedure was repeated for each participant in the training dataset. In selecting the best
performing model, we used the following criteria: lowest LOOCV RMSE, largest LOOCV R2,
lowest number of features, and simplest kernel.
Across all feature sets, linear kernel SVR showed the best performance, whereas Gaussian
kernel SVR showed the worst performance (see Tables 5 and 6). For the global maturity model,
optimal prediction accuracy was achieved with 1000 features, whereas for the three networkspecific models, optimal prediction accuracy was achieved with only 500 features. Thus, for
global maturity estimation, we selected the linear kernel SVR model trained on 1000 features.
For network-specific maturity estimation, we selected the linear kernel SVR model trained on
500 features.
Significance testing of model accuracy. To determine whether the predictive performance
of the selected models was statistically different from chance, we used permutation testing. We
generated the null distribution by randomly permuting age labels of the training dataset 1000
times and re-trained the model on the permuted data. The statistical significance of each model
was determined as the proportion of times a permuted model generated a cross-validation RMSE
less than or equal to that of a model trained on true age labels. All four of the selected SVR
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models (global and network-specific; linear kernel; 1000 features for global and 500 for
network-specific) were statistically significant at p < 0.001.
Control models. Given that head motion is associated with both age and functional
connectivity, we tested whether the performance of the four SVR models was driven by agerelated differences in head motion. We trained each of the four SVR models to predict individual
framewise displacement (FD) using the same parameters and features as were used to predict
age. We then tested the statistical significance of each of the FD-predicting models using 1000
permutations to build the null distribution. None of the models trained to predict FD was
statistically significant (global: RMSE = 0.10, R2 = 0.14, p = 0.99; sensory-motor networks:
RMSE = 0.10, R2 = 0.05, p = 0.95; cognitive networks: RMSE = 0.10, R2 = 0.04, p = 0.88;
affective networks: RMSE = 0.11, R2 = 0.21, p = 0.99). These results suggest that the predictive
performance of the age-predicting models of functional brain maturation was not driven by agerelated differences in head motion.
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Table 5. Cross-validation root-mean-square errors for each of the trained models. Models that
were selected as the final normative models are highlighted with a box.
Functional maturity model
Whole brain

Number of selected features
100

500

1000

5000

Linear kernel SVR

5.93

4.21

4.11

4.44

Quadratic kernel SVR

5.62

4.26

4.19

4.61

Cubic kernel SVR

5.45

4.42

4.41

4.93

Gaussian kernel SVR

10.25

6.90

5.35

4.85

Sensory-motor networks

100

500

1000

5000

Linear kernel SVR

5.86

4.86

4.88

5.23

Quadratic kernel SVR

6.27

4.88

4.96

5.47

Cubic kernel SVR

5.94

5.02

5.16

5.82

Gaussian kernel SVR

10.40

7.49

6.47

5.84

100

500

1000

5000

Linear kernel SVR

4.91

3.78

3.88

4.38

Quadratic kernel SVR

5.26

3.92

4.02

4.60

Cubic kernel SVR

5.11

4.19

4.30

4.97

Gaussian kernel SVR

10.71

6.98

5.49

4.89

100

500

1000

5000

Linear kernel SVR

5.06

4.56

4.77

5.57

Quadratic kernel SVR

5.18

4.64

4.86

5.84

Cubic kernel SVR

5.37

4.91

5.16

6.29

Gaussian kernel SVR

11.10

7.98

6.80

6.42

Cognitive networks

Affective networks
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Table 6. Cross-validation R2 for each of the trained models. Models that were selected as the
final normative models are highlighted with a box.
Functional maturity model Number of selected features
Whole brain

100

500

1000

5000

Linear kernel SVR

0.74

0.87

0.88

0.88

Quadratic kernel SVR

0.77

0.88

0.89

0.87

Cubic kernel SVR

0.79

0.88

0.88

0.87

Gaussian kernel SVR

0.76

0.84

0.87

0.88

Sensory-motor networks

100

500

1000

5000

Linear kernel SVR

0.75

0.83

0.83

0.83

Quadratic kernel SVR

0.72

0.83

0.83

0.82

Cubic kernel SVR

0.74

0.83

0.83

0.81

Gaussian kernel SVR

0.66

0.78

0.80

0.82

100

500

1000

5000

Linear kernel SVR

0.83

0.90

0.90

0.89

Quadratic kernel SVR

0.80

0.90

0.90

0.88

Cubic kernel SVR

0.81

0.90

0.90

0.88

Gaussian kernel SVR

0.77

0.87

0.88

0.89

100

500

1000

5000

Linear kernel SVR

0.81

0.86

0.85

0.82

Quadratic kernel SVR

0.81

0.86

0.85

0.81

Cubic kernel SVR

0.80

0.85

0.85

0.81

Gaussian kernel SVR

0.59

0.82

0.82

0.80

Cognitive networks

Affective networks

Feature weights. To determine which functional connections were most predictive of age,
we identified 200 features that had the greatest absolute SVR weights (111 positive feature
weights and 89 negative feature weights). Most features with the largest absolute SVR weights
belonged to the frontoparietal, default mode, cingulo-opercular, secondary visual, and
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somatomotor networks (see Figures 13, 14, and 15). Most features that were positively
associated with age (i.e., positive edges) belonged to the secondary visual, somatomotor, and
cingulo-opercular networks. Most features that were negatively associated with age (i.e.,
negative edges) belonged to the frontoparietal and default mode networks.
Positive features did not differ from negative features in distance between ROIs (t(198) =
1.48, p = 0.141, d = 0.21), suggesting that global functional brain maturation is not characterized
by a decrease in strength of short-range connections and increase in strength of long-range
connections, consistent with a recent report (Nielsen et al., 2019). Most positive edges were
between the somatomotor and secondary visual networks, whereas most negative edges were
between the frontoparietal and most other networks, as well as between the default mode
network and the primary and secondary visual cortices.

N=168

Split-half validation

Positive Edges

N=169
Orbito-Affective
Ventral Multimodal
Posterior Multimodal
Default Mode

Auditory
Frontoparietal
Language

Negative Edges

Dorsal Attention
Cingulo-Opercular

Somatomotor

Secondary Visual
Primary Visual
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Figure 13. Functional connections with the greatest positive (top panel) and negative
(bottom panel) SVR weights (n = 200). Lines represent functional connections (i.e., red lines =
positive edges; blue lines = negative edges). Line width is proportional to absolute SVR weights.
Circles represent ROIs. Circle size is proportional to the number of positive or negative edges a
given ROI forms. Circle color denotes one of the 12 CAB-NP functional networks.
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Figure 14. Top 200 features with the greatest positive (red) and negative (blue) SVR
weights out of the 1000 features that were used to predict global brain maturity. Panels A and B
show positive and negative edges organized by network. Most positive edges were between the
somatomotor and secondary visual networks (Panel A), whereas most negative edges were
between the frontoparietal and most other networks, as well as between the default mode
network and the primary and secondary visual networks (Panel B). Panel C shows the percentage
of ROIs within each of the 12 networks whose connectivity with other ROIs was positively
(positive edges) or negatively (negative edges) associated with age. Most features with the
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largest absolute SVR weights belonged to the frontoparietal, default mode, cingulo-opercular,
secondary visual, and somatomotor networks. Most positive features belonged to the secondary
visual, somatomotor, and cingulo-opercular networks. Most negative features belonged to the
frontoparietal and default mode networks. Panel D shows mean distances between ROIs for
positive and negative edges. Positive features did not differ from negative features in distance
between ROIs.

Positive Edges

Negative Edges

Figure 15. ROIs whose connectivity with other ROIs was positively (left panel) or
negatively (right panel) associated with age. Color denotes number of positive (red-yellow) or
negative (blue-cyan) edges a given ROI makes. ROIs were selected based on SVR weights for
the prediction of global maturity (top 200 features with the largest absolute SVR weights).
2.4.2 Testing the normative models of functional brain maturation
We used the four final SVR models (1 global and 3 network-specific) trained on the NKIRS sample to predict the ages of the TE and NTE women based on 1000 whole-brain features
and 500 network-specific features. We selected the same features in the test datasets as were
used to train the model. Features were normalized by participant (i.e., converted to z-sores) and
by the mean and standard deviation of the NTE group.
Model performances on the test dataset. The global maturity model trained on 1000
features sampled from the entire functional connectivity matrix based on the strength of their
correlations with age had comparable performance on the training dataset (LOOCV RMSE =
4.1) and the two test datasets (NTE RMSE = 4.4, TE RMSE = 3.6; see Figure 16), as indexed by
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similar RMSE. The cognitive network maturity model trained on 500 features sampled from the
frontoparietal, dorsal attention, language, and default mode networks based on the strength of
their correlations with age had comparable performance on the training dataset (LOOCV RMSE
= 3.8) and the two test datasets (NTE RMSE = 4.3, TE RMSE = 3.9), as indexed by similar
RMSE (see Figure 17). The affective network maturity model trained on 500 features sampled
from the cingulo-opercular and orbito-affective networks based on the strength of their
correlations with age had comparable performance on the training dataset (LOOCV RMSE =
4.6) and the two test datasets (NTE RMSE = 4.2, TE RMSE = 3.3), as indexed by similar RMSE
(see Figure 17). The sensory-motor network maturity model trained on 500 features sampled
from the primary visual, auditory, and somatomotor networks based on the strength of their
correlations with age had similar performance on the training dataset (LOOCV RMSE = 4.9) and
the two test datasets (NTE RMSE = 4.4, TE RMSE = 5.0), as indexed by similar RMSE (see
Figure 17).
Age prediction for no-trauma controls in the training and test datasets. To determine
whether differences in fMRI data acquisition or no-trauma cohorts impacted age prediction
accuracy, we tested differences in normative model performance between the no-trauma controls
in the test sample (i.e., our NTE group) and the no-trauma participants in the training sample
(i.e., cross-validation age predictions for NKI-RS participants within the same age range, n =
20). There were no differences between the two no-trauma samples in absolute prediction errors
for the global (t(37) = -0.49, p = 0.629, d = -0.16) or any of the network-specific maturity models
(cognitive networks: t(37) = -0.88, p = 0.383, d = -0.28; affective networks: t(37) = -0.39, p =
0.698, d = -0.13; sensory-motor networks: t(37) = 0.16, p = 0.876, d = 0.05). This result suggests
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that any differences between the two no-trauma datasets did not impact the performance of the
prediction models.
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motor network connectivity (right panel). All three models predicted the ages of participants in
the test dataset with a similar accuracy as the ages of participants in the training dataset.
Brain maturity measures. We calculated two measures of functional brain maturity for
each participant for the brain as a whole (global maturity) and each of the three network clusters
separately (network-specific maturity). First, we calculated signed prediction errors as the
difference between a participant’s chronological age and the age predicted based on whole-brain
or network-specific functional connectivity. Negative prediction errors indicate lower functional
maturity than expected based on the participant’s chronological age (less mature), whereas
positive prediction errors indicate greater functional maturity than expected based on the
participant’s chronological age (more mature).
Second, we calculated absolute prediction errors as the absolute difference between the
participant’s chronological age and predicted age. Greater absolute prediction errors indicate
more age-atypical brain maturity (either more or less mature than expected), whereas lower
absolute prediction errors indicate more age-appropriate brain maturity. Mean signed and
absolute prediction errors for the whole brain and each network separately are presented in Table
7.

Table 7. Functional brain maturity.
Variable

Trauma (n=29)

Controls (n=19)

Global

1.1 (3.5), -7.5-8.4

2.3 (3.8), -5.8-7.9

Cognitive networks

1.8 (3.6), -6.4-7.5

2.4 (3.6), -5.6-8.5

Affective networks

1.1 (3.1), -5.4-7.1

2.1 (3.8), -5.3-8.3

Prediction errors, M, (SD), range
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Sensory-motor networks

0.1 (5.0), -10.6-9.9

2.2 (3.9), -3.5-8.0

Global

3.0 (2.0), 0.2-8.4

3.8 (2.3), 0.9-7.9

Cognitive networks

3.4 (1.9), 0.1-7.5

3.7 (2.2), 0.8-8.5

Affective networks

2.6 (1.9), 0.1-7.1

3.8 (1.9), 1.2-8.3

Sensory-motor networks

3.9 (3.1), 0.1-10.6

3.7 (2.3), 0.3-8.0

Absolute prediction errors, M, (SD), range

2.4.3 Associations between trauma exposure and trauma outcomes
To confirm the previously reported relationship between trauma exposure and adverse
behavioral, clinical, and physiological outcomes (e.g., Bromet al., 2018; Bunea et al., 2017), we
tested the main effects of trauma exposure on perceived stress (PSS scores), depressed mood
(BDI scores), state anxiety (STAI scores), negative state affect (PANAS scores), number of
provisional current and lifetime psychiatric diagnoses other than PTSD, and basal stress system
function (basal sAA and cortisol).
In addition, to confirm the previously reported moderating effects of trauma characteristics
on adverse behavioral, clinical, and physiological outcomes (e.g., DiMauro et al., 2018; Gur et
al., 2019; Maercker et al., 2004), we tested associations between trauma characteristics,
including trauma timing (age at the earliest trauma), number of traumatic events, and trauma type
(sexual vs. non-sexual trauma), and trauma outcomes, including perceived stress (PSS scores),
trauma symptoms (total CAPS symptom number and severity), number of provisional current
psychiatric diagnoses, and stress system function (basal sAA and cortisol; sAA and cortisol
reactivity to a trauma reminder) in trauma-exposed (TE) women. Given our relatively small
sample size, we used robust general linear model (GLM) with the bisquare weight function to
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minimize the influence of any outliers. All statistical analyses were performed in Matlab using
the Statistics and Machine Learning Toolbox.
We hypothesized that trauma exposure would be associated with worse behavioral,
clinical, and physiological outcomes. In addition, we hypothesized that earlier trauma, multiple
traumatic events, and sexual trauma would be associated with worse behavioral, clinical, and
physiological outcomes. However, given the relatively small sample size of the TE group, the
analyses involving specific trauma characteristics should be considered preliminary. As
additional exploratory analyses, we tested additional variables related to trauma timing,
including any history of child, adolescent, or adult trauma (see Appendix, Section 5.3).
2.4.4 Associations between trauma exposure and functional brain maturity
One goal of this study was to test the relationship between trauma exposure during
development and atypical global and network-specific maturity of the functional connectome in
emerging adulthood. To this end, we tested the main effects of trauma exposure on functional
brain maturity, indexed by signed and absolute age prediction errors for the whole brain (global),
cognitive networks, affective networks, and sensory-motor networks. We hypothesized that,
compared to NTE controls, TE women would show similar global functional maturity, greater
maturity of the affective networks, lower maturity of the cognitive networks, and age-appropriate
maturity of the sensory-motor networks.
In addition, as preliminary analyses, we tested associations between trauma characteristics,
including trauma timing (age at the earliest trauma), number of traumatic events, trauma type
(sexual vs. non-sexual trauma), and functional brain maturity, indexed by signed and absolute
age prediction errors for the whole brain (global), cognitive networks, affective networks, and
sensory-motor networks. We hypothesized that earlier trauma would be associated with a more
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atypical global maturity. Given that networks differ in developmental trajectories, we also
hypothesized that the functional maturity of different networks in emerging adulthood would be
associated with different age at the earliest trauma. We hypothesized that greater number of
traumatic events would be associated with a more atypical global maturity, greater maturity of
the affective networks, lower maturity of the cognitive networks, and no difference in sensorymotor network maturity. We hypothesized that, compared to non-sexual trauma, sexual trauma
would be associated with a more atypical global maturity, greater maturity of the affective
networks, lower maturity of the cognitive networks, and no difference in sensory-motor network
maturity.
2.4.5 Associations between functional brain maturity and trauma outcomes
Our second goal was to determine the relative contributions of atypical global and
network-specific maturity to adverse psychological and physiological outcomes of trauma
exposure in emerging adulthood. To determine the functional significance of atypical functional
maturity in TE women, we tested associations between functional brain maturity, indexed by
signed and absolute age prediction errors for the whole brain (global), cognitive networks,
affective networks, and sensory-motor networks, and trauma outcomes, including perceived
stress (PSS scores), trauma symptoms (total CAPS symptom number and severity), number of
provisional current psychiatric disorders, and stress system function (basal sAA and cortisol;
sAA and cortisol reactivity to a trauma reminder). We hypothesized that worse outcomes would
be associated with a more atypical global functional maturity. We also hypothesized that worse
outcomes would be associated with lower maturity of affective networks, lower maturity of
cognitive networks, and no difference in sensory-motor network maturity.
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2.4.6 Functional brain maturity as a moderator of the relation between trauma and
outcomes
Finally, we tested global and network-specific functional maturity as a moderator of the
relationship between trauma exposure during development and adverse trauma outcomes in
emerging adulthood. Specifically, we tested interactions between trauma exposure and global
and network-specific signed and absolute age prediction errors on perceived stress (PSS scores),
number of provisional current psychiatric diagnoses, and basal stress system function (basal sAA
and cortisol). We hypothesized that atypical global and network-specific functional maturity
would moderate the relationship between trauma exposure and adverse trauma outcomes.
As preliminary analyses, we also tested interactions between trauma characteristics,
including trauma timing (age at the earliest trauma), number of traumatic events, and trauma type
(sexual vs. non-sexual trauma), and global and network-specific functional maturity on trauma
outcomes, including perceived stress (PSS scores), trauma symptoms (total CAPS symptom
number and severity), number of provisional current psychiatric diagnoses, and stress system
function (basal sAA and cortisol; sAA and cortisol reactivity to a trauma reminder). We
hypothesized that atypical global and network-specific maturity would moderate the relationship
between trauma timing and trauma outcomes. We also hypothesized that atypical functional
maturity would moderate the relationship between sexual trauma and adverse trauma outcomes.
Finally, we hypothesized that atypical functional maturity would moderate the relationship
between greater number of traumatic events and adverse trauma outcomes.

3. Results
3.1 Descriptive data
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3.1.1 Participant demographics
Demographic information for the trauma-exposed (TE) women and no-trauma controls
(NTE) is presented in Table 1. TE women (age M = 21.2, SD = 2.7, range: 18-29) and NTE
women (age M = 20.9, SD = 2.7, range: 18-27) did not differ in age, t(58) = 0.4, p = 0.682, d =
0.11. Both groups were ethnically diverse with 33% Hispanic, 28% Asian/Pacific Islander, 17%
Black, 17% White, and 6% multiethnic participants in the TE group and 38% Asian/Pacific
Islander, 21% Hispanic, 21% White, 13% multiethnic, and 8% Black participants in the NTE
group.
3.1.2 Trauma characteristics
Trauma characteristics, including type, timing, and number of events, are presented in
Table 2. One TE participant did not provide the details of her trauma and was excluded from
analyses involving trauma characteristics. Most TE women (n = 32, 91%) reported a history of
interpersonal trauma, with sexual (n = 13, 37%) and physical (n = 11, 31%) assault as the two
most common index trauma types. The average number of traumatic events was 1.9 (SD = 1.1,
range: 1-5). About 57% of TE participants (n = 20) reported at least one child trauma (before age
12), 54% (n = 19) reported at least one adolescent trauma (ages 12-18), and 54% (n = 19)
reported at least one adult trauma (after age 18). About 9% of the TE participants (n = 3)
reported only child trauma, 17% (n = 6) reported only adolescent trauma, and 23% (n = 8)
reported only adult trauma. Twenty percent of the TE participants (n = 7) reported both child and
adolescent trauma, 14% (n = 5) reported child and adult trauma, less than 3% (n = 1) reported
both adolescent and adult trauma, and 14% (n = 5) reported child, adolescent, and adult trauma.
The earliest trauma occurred on average around age 11.4 (SD = 6.4, range: 3-27). The earliest
trauma occurred before age 12 in 57% (n = 20) of TE participants, between the ages of 12 and 18
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in 20% (n = 7), and after age 18 in 23% (n = 8). The mean time since the most recent trauma was
3.7 years (SD = 3.7, range: 0-15), and the mean time since the earliest trauma was 9.7 years (SD
= 5.7, range: 1-19).
3.1.3 Psychological, clinical, and physiological outcomes
3.1.3.1 Questionnaires
Self-reported perceived stress (Perceived Stress Scale; PSS), depressed mood (Beck
Depression Inventory; BDI), state anxiety (State-Trait Anxiety Inventory-State Version; STAIS), and state affect (Positive and Negative Affect Schedule; PANAS) for the TE and NTE groups
are presented in Table 1. Compared to no-trauma controls, TE women reported greater perceived
stress (PSS: t(57) = 2.8, p = 0.007, d = 0.77), greater depressed mood (BDI: t(57) = 2.9, p =
0.005, d = 0.79), greater state anxiety (STAI-S: t(57) = 3.3, p < 0.001, d = 0.90), and greater
negative state affect (PANAS Negative: t(57) = 3.4, p < 0.001, d = 0.94). There was no group
difference in positive state affect (PANAS Positive: t(57) = -0.4, p = 0.687, d = -0.11). In
addition, NTE women in our sample reported greater state anxiety (STAI-S: t(42) = -2.2, p =
0.033, d = -0.67) and depressed mood (BDI: t(42) = -5.5, p < 0.001, d = -1.75) than the
participants from the normative sample (n = 20; age M = 22.8, SD = 2.9, range: 18-27).
3.1.3.2 Trauma symptoms
Trauma-related symptoms are presented in Table 2. Total number of posttraumatic stress
disorder (PTSD) symptoms endorsed by TE women, as assessed using the ClinicianAdministered PTSD Scale (CAPS), ranged from 0 to 18 (M = 6.0, SD = 4.5) out of a maximum
of 20. Participants reported a range of PTSD symptoms: Cluster B (re-experiencing): M = 1.5,
SD = 1.5, range: 0-5; Cluster C (avoidance and numbing): M = 1.0, SD = 0.8, range: 0-2; Cluster
D (negative cognitions): M = 2.2, SD = 1.7, range: 0-6; Cluster E (hyperarousal): M = 1.3, SD =
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1.5, range: 0-5. Total PTSD symptom severity ranged from 0 to 46 (M = 16.6, SD = 11.8) out of
a maximum of 80. Participants reported the following PTSD symptom severity: Cluster B (reexperiencing): M = 4.0, SD = 3.4, range: 0-11; Cluster C (avoidance and numbing): M = 2.6, SD
= 1.9, range: 0-8; Cluster D (negative cognitions): M = 6.0, SD = 4.4, range: 0-17; Cluster E
(hyperarousal): M = 4.1, SD = 3.8, range: 0-13. Twelve out of 36 TE women (34%) met criteria
for a provisional current PTSD diagnosis.
3.1.3.3 Lifetime psychiatric history
Provisional current and past psychiatric diagnoses, as assessed using the Structured
Clinical Interview for DSM-IV Disorders (SCID), are presented in Table 2. About half (51%) of
the TE women met criteria for at least one provisional current psychiatric diagnosis other than
PTSD in contrast to only 25% of the NTE women (c2 = 4.12, p = 0.042). The most common
provisional current psychiatric diagnoses in the TE group were generalized anxiety disorder
(GAD, 20%), social phobia (20%), and dysthymia (20%), followed by major depressive disorder
(MDD, 17%), specific phobia (11%), and panic disorder (11%). TE women met criteria for an
average of 1.1 provisional current psychiatric diagnoses (SD = 1.5, range: 0-6), in contrast to an
average of 0.5 diagnoses in the NTE group (SD = 1.1, range: 0-5). There was no group difference
between TE and NTE women in the total number of provisional current psychiatric diagnoses
(t(57) = 1.51, p = 0.132, d = 0.42).
The majority of TE women (66%) met criteria for at least one provisional past psychiatric
diagnosis other than PTSD in contrast to only 29% of the NTE women (c2 = 7.61, p = 0.006).
The most common provisional past psychiatric diagnosis in the TE group was MDD (49%),
followed by panic disorder (26%), alcohol abuse (20%), and social phobia (17%). TE women
met criteria for an average of 1.8 provisional past psychiatric diagnoses (SD = 2.0, range: 0-8), in
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contrast to an average of 0.7 diagnoses in the NTE group (SD = 1.3, range: 0-5). Compared to
no-trauma controls, TE women met criteria for a greater number of provisional past psychiatric
diagnoses (t(57) = 2.51, p = 0.015, d = 0.69).
Number of provisional lifetime psychiatric diagnoses was defined as the number of distinct
current or past psychiatric diagnoses other than PTSD for which the participant met criteria. The
majority of TE women (71%) met criteria for at least one provisional lifetime psychiatric
diagnosis in contrast to only 29% of the NTE women (c2 = 10.25, p = 0.001). TE participants
met criteria for an average of 2.2 (SD = 2.2; range: 0-9) provisional lifetime psychiatric
diagnoses, compared to an average of 0.7 (SD = 1.4; range: 0-5) lifetime diagnoses in the NTE
group. Compared to no-trauma controls, TE women met criteria for a greater number of
provisional lifetime psychiatric diagnoses (t(57) = 2.85, p = 0.006, d = 0.79).
3.1.3.4 Salivary biomarkers of stress
Twenty-four TE women and 20 NTE women provided saliva samples with sufficient
volume for salivary alpha-amylase (sAA) assay (see Table 4). Twenty-eight TE women and 21
NTE women provided saliva samples with sufficient volume for cortisol assay. Because basal
sAA and cortisol values were positively skewed, we log-transformed the raw values to meet the
normality assumption of the parametric tests. For all subsequent analyses involving basal sAA
and cortisol, we used the log-transformed values. TE women did not differ from NTE women in
basal sAA, t(42) = 0.13, p = 0.900, d = 0.04, or basal cortisol, t(47) = 0.85, p = 0.401, d = 0.24.
As a group, TE women showed sAA reactivity, t(19) = 2.23, p = 0.038, d = 0.38, but no cortisol
reactivity, t(25) = -0.60, p = 0.551, d = -0.23, to the trauma reminder (Figure 18).
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Figure 18. Salivary biomarkers of stress system function at baseline and in response to a
trauma reminder. TE women did not differ from NTE controls in basal salivary alpha-amylase
(sAA; left panel) or cortisol (right panel). TE women showed sAA reactivity but no cortisol
reactivity to the trauma reminder. Large circles represent group means; error bars represent
standard errors of the mean.
We tested associations between basal and reactive stress markers and other trauma
outcomes in TE women using robust GLM with the bisquare weight function. In TE women,
both basal sAA (controlling for psychotropic substances: F(1,21) = 4.89, p = 0.038) and basal
cortisol (controlling for time since waking: F(1,25) = 6.94, p = 0.014) were negatively associated
with perceived stress (Figure 19). Neither cortisol nor sAA reactivity was associated with
perceived stress (p-values > 0.1).
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Figure 19. Basal sAA (left panel) and basal cortisol (right panel) were negatively
associated with perceived stress in TE women. Values have been adjusted for psychotropic
substances (basal sAA) or time since waking (basal cortisol). The regression lines represent the
lines of best fit produced using robust regression.
Lower basal sAA but not cortisol was associated with greater PTSD symptom severity
(F(1,22) = 4.33, p = 0.049) but not symptom number (p > 0.1). Lower basal sAA but not cortisol
was also associated with a greater number of provisional lifetime psychiatric diagnoses
(controlling for psychotropic substances: F(1,21) = 9.64, p = 0.005) and a non-significant trend
towards a greater number of provisional current psychiatric diagnoses (controlling for
psychotropic substances: F(1,21) = 3.27, p = 0.085). Lower basal sAA was associated with
meeting criteria for a provisional current PTSD diagnosis (F(1,22) = 4.11, p = 0.055) and at least
one provisional lifetime psychiatric diagnosis other than PTSD (controlling for psychotropic
substances: F(1,21) = 6.57, p = 0.018; Figure 20).

91

BasalsAA
sAA(log)
(log)
Basal

44

PTSD
PTSD
No
No PTSD
PTSD

33
22
11

BasalsAA
sAA(log)
(log)
Basal

55

Basal
Basal SNS
SNS Activity
Activity
and
Lifetime
Diagnoses
and
Lifetime
Diagnoses
5
5

Basal
Basal SNS
SNS Activity
Activity
and
PTSD
and PTSD Diagnosis
Diagnosis

4
4

Any lifetime diagnosis
Any lifetime diagnosis
No diagnosis
No diagnosis

3
3
2
2
1
1
0
0

00

Figure 20. TE women who met criteria for a provisional current PTSD diagnosis showed
lower basal sAA than TE women who did not (left panel). TE women who met criteria for a
provisional lifetime psychiatric diagnosis other than PTSD showed lower basal sAA than TE
women who did not (right panel). Error bars represent standard errors of the mean.
Neither cortisol nor sAA reactivity was associated with trauma symptoms or provisional
psychiatric diagnoses in the entire TE group (all p-values > 0.1). However, in a subset of TE
participants who had available fMRI and cortisol data (n = 20), cortisol reactivity to a trauma
reminder was associated with perceived stress (F(1,18) = 5.53, p = 0.030) and a provisional
current PTSD diagnosis (F(1,18) = 4.81, p = 0.042; controlling for psychotropic substances:
F(1,17) = 6.26, p = 0.023).
3.2 Associations between trauma characteristics and trauma outcomes
3.2.1 Associations between trauma timing and outcomes
We tested associations between trauma timing, indexed by age at the earliest trauma, and
trauma outcomes, including perceived stress, total number and severity of PTSD symptoms,
number of provisional current psychiatric diagnoses, and basal and reactive stress system
function, using robust GLM with the bisquare weight function.
Perceived stress. Age at the earliest trauma was negatively associated with perceived stress
(F(1,33) = 4.46, p = 0.042; Figure 21). Given that age at the earliest trauma was also negatively
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associated with number of traumas (see Appendix, Section 5.1.1), we tested the unique effect of
age at the earliest trauma on perceived stress by including both predictors into the same model.
Controlling for number of traumas, there was a non-significant trend toward a negative
association between age at the earliest trauma and perceived stress (F(1,32) = 3.51, p = 0.070).
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Figure 21. Younger age at the earliest trauma was associated with greater perceived stress
in emerging adulthood. The regression line represents the line of best fit produced using robust
regression.
Trauma symptoms. Age at the earliest trauma was not associated with total PTSD symptom
number or severity. There was no difference in age at the earliest trauma between TE women
who met criteria for a provisional current PTSD diagnosis compared to those who did not (all pvalues > 0.1).
Current psychiatric diagnoses. Age at the earliest trauma was not associated with the
number of provisional current psychiatric diagnoses. There was no difference in age at the
earliest trauma between TE women who met criteria for at least one provisional current
psychiatric diagnosis and TE women who did not (all p-values > 0.1).
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Stress system function. Age at the earliest trauma was not associated with basal sAA or
cortisol, or with sAA or cortisol reactivity to a trauma reminder (all p-values > 0.1).
3.2.2 Associations between number of traumatic events and outcomes
We tested associations between number of traumatic events and trauma outcomes,
including perceived stress, total number and severity of PTSD symptoms, number of provisional
current psychiatric diagnoses, and basal and reactive stress system function, using robust GLM
with the bisquare weight function.
Perceived stress. Number of traumatic events was not associated with perceived stress (p >
0.1).
Trauma symptoms. Number of traumatic events was not associated with total PTSD
symptom number or severity. There was no difference in number of traumatic events between
TE women who met criteria for a provisional current PTSD diagnosis compared to those who did
not (all p-values > 0.1).
Current psychiatric diagnoses. Number of traumatic events was associated with a greater
number of provisional current psychiatric diagnoses (F(1,33) = 5.40, p = 0.026; Figure 22).
There was no difference in number of traumatic events between TE women who met criteria for
at least one provisional current psychiatric diagnosis compared to those who did not (p > 0.1).
Given that number of traumatic events was associated with age at the earliest trauma (see
Appendix, Section 5.1.1), we tested the unique effect of number of traumatic events on number
of provisional current psychiatric diagnoses by including both predictors into the model.
Controlling for age at the earliest trauma, number of traumatic events was associated with a nonsignificant trend towards a greater number of provisional current psychiatric diagnoses (F(1,32)
= 4.09, p = 0.052).
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Figure 22. Number of traumatic events was associated with number of provisional current
psychiatric diagnoses. The regression line represents the line of best fit produced using robust
regression.
3.2.3 Associations between trauma type and outcomes
We tested associations between trauma type, indexed by history of sexual trauma, and
trauma outcomes, including perceived stress, total number and severity of PTSD symptoms,
number of provisional current psychiatric diagnoses, and basal and reactive stress system
function, using robust GLM with the bisquare weight function.
Perceived stress. There was no difference in perceived stress between TE women who
reported sexual trauma (n = 13) and TE women who reported other trauma types (n = 22) as their
index trauma (p > 0.1).
Trauma symptoms. TE women who reported sexual trauma endorsed more PTSD
symptoms (F(1,33) = 10.08, p = 0.003) and greater PTSD symptom severity (F(1,33) = 4.21, p =
0.048) compared to TE women who reported other trauma types as their index trauma (Figure
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Figure 23. TE women with a history of sexual trauma reported greater PTSD symptom
number (left panel) and severity (right panel) compared to TE women with a history of nonsexual trauma. Error bars represent standard errors of the mean.
Current psychiatric diagnoses. There was no difference in number of provisional current
psychiatric diagnoses between TE women who reported sexual trauma vs. other trauma types.
There was no difference in probability of meeting criteria for at least one provisional current
psychiatric diagnosis between TE women who reported sexual trauma vs. other trauma types (pvalues > 0.1).
Stress system function. There were no differences in basal or reactive sAA or cortisol
between TE women who reported sexual trauma vs. other trauma types (all p-values > 0.1).
3.3 Associations between trauma characteristics and functional brain maturity
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Usable fMRI data were available for 29 TE women (age M = 21.3, SD = 2.8, range: 18-29)
and 19 NTE women (age M = 20.9, SD = 3.1, range: 18-27). Mean global and network-specific
maturity measures by trauma group are presented in Table 7.
3.3.1 Associations between trauma exposure and functional brain maturity
We tested group differences in global and network-specific signed and absolute prediction
errors (i.e., signed and absolute differences between predicted and true age, respectively) using
robust GLM with the bisquare weight function and with chronological age at the time of the
study as a covariate of no interest (see Appendix, Section 5.1.2). There were no group
differences between TE and NTE women in global brain maturity, cognitive network maturity,
affective network maturity, or sensory-motor network maturity, indexed by signed prediction
errors (all p-values > 0.1). TE women showed a non-significant trend towards more ageappropriate affective network maturity than NTE women (i.e., lower absolute prediction errors;
F(1,45) = 3.20, p = 0.080; Figure 24). There were no group differences between TE and NTE
women in deviations from age-appropriate global brain maturity, cognitive network maturity, or
sensory-motor network maturity, indexed by absolute prediction errors (all p-values > 0.1).
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Figure 24. Group differences in global and network-specific functional maturity indexed
by signed prediction errors (left panel) and absolute prediction errors (right panel), adjusted for
chronological age at the time of the study (i.e., raw residuals after regressing out the effects of
age). There was a non-significant trend towards more age-appropriate affective network maturity
in TE women compared to NTE controls. There were no group differences between TE and NTE
women in deviations from age-appropriate global, cognitive network, or sensory-motor network
maturity indexed by absolute prediction errors. There were no group differences between TE and
NTE women in global or network-specific functional maturity indexed by signed prediction
errors. Bars represent group means; error bars represent standard errors of the mean.
Given the trend towards trauma-related difference in absolute prediction errors but not
signed prediction errors for the affective networks, we performed follow-up analyses of
interactions between trauma outcomes and trauma exposure on affective network maturity,
indexed by signed prediction errors. Follow-up analyses revealed an interaction between trauma
exposure and basal sAA on affective network maturity, such that affective network maturity was
positively associated with basal sAA in TE women, but negatively in NTE controls (see
Appendix, Section 5.2.1.1).
3.3.2 Associations between trauma timing and functional brain maturity
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We tested associations between trauma timing, indexed by age at the earliest trauma, and
each of the global and network-specific functional maturity measures (i.e., signed and absolute
prediction errors) using robust GLM with the bisquare weight function and with chronological
age at the time of the study as a covariate of no interest (see Appendix, Section 5.1.2). None of
the global or network-specific functional maturity measures were associated with age at the
earliest trauma (all p-values > 0.1).
3.3.3 Associations between number of traumatic events and functional brain maturity
We tested associations between number of traumatic events and each of the global and
network-specific functional maturity measures (i.e., signed and absolute prediction errors) using
robust GLM with the bisquare weight function and with chronological age at the time of the
study as a covariate of no interest (see Appendix, Section 5.1.2). Number of traumatic events
was associated with more age-atypical global brain maturity (F(1,25) = 5.49, p = 0.027), a nonsignificant trend towards more age-atypical cognitive network maturity (F(1,25) = 3.48, p =
0.074), and a non-significant trend towards more age-atypical affective network maturity
(F(1,25) = 3.73, p = 0.065; Figure 25). Neither measure of sensory-motor network maturity was
associated with number of traumatic events (p-values > 0.1).
Given that number of traumatic events was associated with age at the earliest trauma (see
Appendix, Section 5.1.1), we tested the unique effect of number of traumatic events on global
brain maturity, cognitive network maturity, and affective network maturity. Controlling for age
at the earliest trauma, number of traumatic events was associated with more age-atypical global
brain maturity only (F(1,24) = 4.30, p = 0.049).
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Figure 25. Number of traumatic events was associated with more age-atypical global brain
maturity (left panel), a non-significant trend towards more age-atypical cognitive network
maturity (middle panel), and a non-significant trend towards more age-atypical affective network
maturity (right panel). The regression lines represent the lines of best fit produced using robust
regression.
Given the association between number of traumatic events and absolute prediction errors
but not signed prediction errors for the brain as a whole and the cognitive and affective networks
in particular, we performed follow-up analyses of interactions between trauma outcomes and
number of traumatic events on functional brain maturity, indexed by signed prediction errors.
Follow-up analyses revealed a non-significant trend-level interaction between number of
traumatic events and number of provisional lifetime psychiatric diagnoses on affective network
maturity only. In TE women with a history of multiple traumatic events, greater number of
provisional lifetime psychiatric diagnoses was associated with lower affective network maturity
(see Appendix, Section 5.2.1.2).
3.3.4 Associations between trauma type and functional brain maturity
We tested associations between trauma type, indexed by history of sexual trauma, and each
of the global and network-specific functional maturity measures (i.e., signed and absolute
prediction errors) using robust GLM with the bisquare weight function and with chronological
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women with a history of sexual trauma showed more age-atypical affective network maturity
compared to TE women with a history of non-sexual trauma (F(1,25) = 5.24, p = 0.031; Figure
26). There were no differences in either measure of global brain maturity, cognitive network
maturity, or sensory-motor network maturity between TE women with a history of sexual vs.
non-sexual trauma (all p-values > 0.1).
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Figure 26. TE women with a history of sexual trauma showed more age-atypical affective
network maturity compared to TE women with a history of non-sexual trauma. Error bars
represent standard errors of the mean.
Given the trauma type-related difference in absolute prediction errors but not signed
prediction errors for the affective networks, we performed follow-up analyses of interactions
between trauma outcomes and trauma type on affective network maturity, indexed by signed
prediction errors (see Appendix, Section 5.2.1.3). Follow-up analyses revealed an interaction
between trauma type and number of current psychiatric diagnoses on affective network maturity.
In TE women with a history of sexual trauma, greater number of provisional current psychiatric
diagnoses was associated with lower affective network maturity. There was no relationship
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between number of current psychiatric diagnoses and affective network maturity in TE women
with non-sexual trauma.
3.4 Associations between functional brain maturity and trauma outcomes
We tested associations between each measure of global and network-specific functional
brain maturity (i.e., signed and absolute prediction errors) and trauma outcomes, including
perceived stress, total number and severity of PTSD symptoms, number of provisional current
psychiatric diagnoses, and basal and reactive stress system function, using robust GLM with the
bisquare weight function.
Perceived stress. Perceived stress was not associated with either measure of global brain
maturity, cognitive network maturity, affective network maturity, or sensory-motor network
maturity (all p-values > 0.1).
Trauma symptoms. Total PTSD symptom number and severity were not associated with
either measure of global brain maturity, cognitive network maturity, affective network maturity,
or sensory-motor network maturity. TE women who met criteria for a provisional current PTSD
diagnosis did not differ in either measure of global brain maturity, cognitive network maturity,
affective network maturity, or sensory-motor network maturity (all p-values > 0.1).
Current psychiatric diagnoses. Number of provisional current psychiatric diagnoses was
associated with more age-atypical global brain maturity (F(1,25) = 6.38, p = 0.018; Figure 27).
Number of provisional current psychiatric diagnoses was not associated with either measure of
cognitive, affective, or sensory-motor network maturity. Participants who met criteria for at least
one provisional current psychiatric diagnosis did not differ in either measure of global brain
maturity, cognitive network maturity, affective network maturity, or sensory-motor network
maturity (all p-values > 0.1).

102

y

Current diagnoses

4
2
0
0

5

10

Absolute prediction errors

Figure 27. Number of provisional current psychiatric diagnoses other than PTSD was
associated with more age-atypical global brain maturity in TE women. The regression line
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the line
best fit produced
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Figure 28. Higher basal sAA was associated with more age-atypical affective network
maturity in TE women. Values have been adjusted for chronological age at the time of the study
(i.e., raw residuals after regressing out the effects of age). The regression line represents the line
of best fit produced using robust regression.
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Figure 29. Cortisol reactivity to a trauma reminder was associated with greater global brain
maturity (left panel), a non-significant trend towards greater cognitive network maturity (middle
panel), and greater sensory-motor network maturity (right panel). Cortisol reactivity was
calculated as percent change from baseline. The regression lines represent the lines of best fit
produced using robust regression.
3.5 Functional brain maturity as a moderator of the relations between trauma and
outcomes
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We tested interactions between global and network-specific functional brain maturity and
trauma exposure and trauma characteristics on trauma outcomes using robust GLM with the
bisquare weight function.
3.5.1 Moderation of the relations between trauma exposure and outcomes
Perceived stress. We tested interactions between trauma exposure and each measure of
global and network-specific brain maturity (i.e., signed and absolute prediction errors) on
perceived stress. There were no interactions between trauma exposure and any measure of global
or network-specific brain maturity on perceived stress (all p-values > 0.1).
Trauma symptoms. Given that NTE women do not have any PTSD symptoms by
definition, we did not test interactions between trauma exposure and any measure of global and
network-specific brain maturity on number or severity of PTSD symptoms.
Current psychiatric diagnoses. We tested interactions between trauma exposure and each
measure of global and network-specific brain maturity on number of provisional current
psychiatric diagnoses. There were no interactions between trauma exposure and any measures of
global or network-specific maturity on number of provisional current psychiatric diagnoses (all
p-values > 0.1).
Stress system function. We tested interactions between trauma exposure and each measure
of global and network-specific brain maturity on basal sAA and cortisol. There were no
interactions between trauma exposure and any measures of global or network-specific maturity
on basal sAA or cortisol (all p-values > 0.1).
3.5.2 Moderation of the relations between trauma timing and outcomes
Perceived stress. We tested interactions between trauma timing, indexed by age at the
earliest trauma, and each measure of global and network-specific brain maturity on perceived
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stress. There were no interactions between age at the earliest trauma and any measures of global
or network-specific brain maturity on perceived stress (all p-values > 0.1).
Trauma symptoms. We tested interactions between age at the earliest trauma and each
measure of global and network-specific brain maturity on number and severity of PTSD
symptoms. There were no interactions between age at the earliest trauma and any measures of
global or network-specific brain maturity on number or severity of PTSD symptoms (all p-values
> 0.1).
Current psychiatric diagnoses. We tested interactions between age at the earliest trauma
and each measure of global and network-specific brain maturity on number of provisional
current psychiatric diagnoses. There was an interaction between age at the earliest trauma and
deviation from age-appropriate global maturity on the number of provisional current psychiatric
diagnoses (F(1,24) = 6.47, p = 0.018; controlling for number of traumatic events: F(1,23) = 6.41,
p = 0.019; Figure 30). In TE women with more age-atypical global maturity, younger age at the
earliest trauma was associated with a greater number of provisional current psychiatric
diagnoses. In TE women with early trauma, number of current psychiatric diagnoses was
positively associated with age-atypical global maturity. In contrast, in TE women with late
trauma, number of current psychiatric diagnoses was negatively associated with age-atypical
global maturity. There were no interactions between age at the earliest trauma and any measures
of network-specific brain maturity on number of provisional current psychiatric diagnoses (all pvalues > 0.1).
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Figure 30. Interaction between age at the earliest trauma and deviation from ageappropriate global brain maturity on number of provisional current psychiatric diagnoses. In TE
women with more age-atypical global maturity, younger age at the earliest trauma was associated
with a greater number of provisional current psychiatric diagnoses (left panel). In TE women
with early trauma, number of current psychiatric diagnoses was positively associated with ageatypical global maturity. In contrast, in TE women with late trauma, number of current
psychiatric diagnoses was negatively associated with age-atypical global maturity (right panel).
Stress system function. We tested interactions between age at the earliest trauma and each
measure of global and network-specific brain maturity on basal and reactive sAA and cortisol.
There was an interaction between age at the earliest trauma and deviation from age-appropriate
global brain maturity on basal sAA (controlling for psychotropic substances: F(1,14) = 5.61, p =
0.033; controlling for number of traumatic events: F(1,13) = 4.13, p = 0.063; Figure 31). In TE
women with more age-atypical global maturity, younger age at the earliest trauma was associated
with lower basal sAA. In TE women with early trauma, basal sAA was negatively associated
with age-atypical global maturity. In contrast, in TE women with late trauma, basal sAA was
positively associated with age-atypical global maturity.
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Figure 31. Interaction between age at the earliest trauma and deviation from ageappropriate global brain maturity on basal SNS activity. In TE women with more age-atypical
global maturity, younger age at the earliest trauma was associated with lower basal sAA (left
panel). In TE women with early trauma, basal sAA was negatively associated with age-atypical
global maturity. In contrast, in TE women with late trauma, basal sAA was positively associated
with age-atypical global maturity (right panel).
There was also an interaction between age at the earliest trauma and global brain maturity
on basal cortisol (controlling for time since waking: F(1,17) = 6.43, p = 0.021; controlling for
number of traumatic events: F(1,16) = 1.62, p = 0.221). Similarly, there was a non-significant
trend-level interaction between age at the earliest trauma and affective network maturity on basal
cortisol (controlling for time since waking: F(1,17) = 3.58, p = 0.076; controlling for number of
traumatic events: F(1,16) = 3.37, p = 0.085; Figure 32). In TE women with greater global and
affective network maturity, age at the earliest trauma was positively associated with basal
cortisol. In TE women with lower global and affective network maturity, age at the earliest
trauma was negatively associated with basal cortisol. In TE women with early trauma, global and
affective network maturity was negatively associated with basal cortisol. In TE women with late
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trauma, global and affective network maturity was positively associated with basal cortisol.
There were no interactions between age at the earliest trauma and any of the brain maturity
measures on sAA or cortisol reactivity (all p-values > 0.1).
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3.5.3 Moderation
of the relations between number of traumatic events and outcomes
Age at the earliest
trauma
Perceived stress. We tested interactions between number of traumatic events and each
measure of global and network-specific maturity on perceived stress. There were no interactions
between number of traumatic events and any measures of global or network-specific brain
maturity on perceived stress (all p-values > 0.1).
Trauma symptoms. We tested interactions between number of traumatic events and each
measure of global and network-specific maturity on number and severity of PTSD symptoms.
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There were no interactions between number of traumatic events and any measure of global or
network-specific maturity on number or severity of PTSD symptoms (all p-values > 0.1).
Current psychiatric diagnoses. We tested interactions between number of traumatic events
and each measure of global and network-specific maturity on number of provisional current
psychiatric diagnoses. There was an interaction between number of traumatic events and both
measures of global brain maturity on number of provisional current psychiatric diagnoses (signed
errors: F(1,24) = 19.26, p < 0.001; controlling for age at the earliest trauma: F(1,23) = 8.01, p =
0.009; absolute errors: F(1,24) = 9.14, p = 0.006; controlling for age at the earliest trauma:
F(1,23) = 8.12, p = 0.009; Figure 33). In TE women with greater global brain maturity, number
of traumatic events was positively associated with number of provisional current psychiatric
diagnoses. In contrast, in TE women with lower global brain maturity, number of traumatic
events was negatively associated with number of provisional current psychiatric diagnoses. In
TE women with a history of more traumatic events, greater global brain maturity was associated
with a greater number of provisional current psychiatric diagnoses.
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Similarly, there was an interaction between number of traumatic events and deviation from
age-appropriate cognitive network maturity on number of provisional current psychiatric
diagnoses (F(1,24) = 12.59, p = 0.002; controlling for age at the earliest trauma: F(1,23) = 12.11,
p = 0.002; Figure 34). In TE women with more age-atypical cognitive network maturity, number
of traumatic events was positively associated with number of provisional current psychiatric
diagnoses. In TE women with less age-atypical cognitive network maturity, number of traumatic
events was negatively associated with number of provisional current psychiatric diagnoses. In
TE women with a history of multiple traumatic events, age-atypical cognitive network maturity
was associated with number of provisional current psychiatric diagnoses. There were no
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interactions between number of traumatic events and either measure of affective or sensorymotor network maturity on number of provisional current psychiatric diagnoses (all p-values >
0.1).
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Figure 34. Interaction between number of traumatic events and deviation from ageappropriate cognitive network maturity on number of provisional current psychiatric diagnoses.
In TE women with more age-atypical cognitive network maturity, number of traumatic events
was positively associated with number of provisional current psychiatric diagnoses. In TE
women with less age-atypical cognitive network maturity, number of traumatic events was
negatively associated with number of provisional current psychiatric diagnoses (left panel). In
TE women with a history of multiple traumatic events, age-atypical cognitive network maturity
was associated with number of provisional current psychiatric diagnoses (right panel).
Stress system function. We tested interactions between number of traumatic events and
each measure of global and network-specific maturity on basal and reactive sAA and cortisol.
There were no interactions between number of traumatic events and any measures of global or
network-specific brain maturity on basal or reactive sAA or cortisol (all p-values > 0.1).
3.5.4 Moderation of the relations between trauma type and outcomes
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Perceived stress. We tested interactions between trauma type, indexed by sexual trauma,
and each measure of global and network-specific maturity on perceived stress. There were no
interactions between trauma type and any measures of global or network-specific brain maturity
on perceived stress (all p-values > 0.1).
Trauma symptoms. We tested interactions between trauma type and each measure of global
and network-specific maturity on number and severity of PTSD symptoms. There were no
interactions between trauma type and any measures of global or network-specific brain maturity
on number or severity of PTSD symptoms (all p-values > 0.1).
Current psychiatric diagnoses. We tested interactions between trauma type and each
measure of global and network-specific maturity on number of provisional current psychiatric
diagnoses. There were no interactions between trauma type and any measures of global or
network-specific brain maturity on number of provisional current psychiatric diagnoses (all pvalues > 0.1).
Stress system function. We tested interactions between trauma type and each measure of
global and network-specific maturity on basal and reactive sAA and cortisol. There were no
interactions between trauma type and any measures of global or network-specific brain maturity
on basal or reactive sAA or cortisol (all p-values > 0.1).

4. Discussion
4.1 Psychological, clinical, and physiological outcomes of trauma exposure
4.1.1 Earlier trauma, multiple traumatic events, and sexual trauma are associated
with poorer mental health outcomes.
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Trauma exposure. Consistent with previous literature (e.g., Baker et al., 2009; Harvey et
al., 2016; Humphreys et al., 2020), trauma-exposed (TE) women as a group showed poorer
psychological and clinical outcomes in emerging adulthood than no-trauma (NTE) controls. For
example, TE women reported greater perceived stress over the past month and greater depressed
mood over the past two weeks, as well as greater state anxiety and negative affect on the day of
the interview. In addition, TE women endorsed a range of trauma-related symptoms, and about
one third met criteria for a provisional current PTSD diagnosis. Compared to the NTE group, TE
women were also more likely to meet criteria for a current psychiatric diagnosis other than
PTSD, such as an anxiety or mood disorder. Finally, TE women also met criteria for more
lifetime psychiatric diagnoses other than PTSD compared to NTE women.
Trauma timing. In addition, trauma outcomes were associated with specific trauma
characteristics, including trauma timing, number of traumatic events and trauma type. For
example, younger age at the earliest trauma was associated with greater perceived stress in
emerging adulthood. When number of traumatic events was included as a covariate, the
relationship between age at the earliest trauma and perceived stress became a non-significant
trend, suggesting that trauma timing and number of traumatic events might have interactive
effects on psychological outcomes in emerging adulthood. This result is consistent with an
extensive literature that supports a link between early life adversity and psychological problems
in adulthood (e.g., Gilbert et al., 2009; Hoppen and Chalder, 2018; McFarlane et al., 2005;
Negriff et al., 2019).
Number of traumatic events. In addition, there was a dose-response relationship between
number of traumatic events during development and number of provisional current psychiatric
diagnoses other than PTSD, even when trauma timing was included as a covariate. This result is
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consistent with the well-documented cumulative effects of multiple traumas on adverse mental
health outcomes, including symptoms of PTSD, depression, anxiety, and psychosis (e.g., Gur et
al., 2019; McFarlane et al., 2005; Shevlin et al., 2008; Suliman et al., 2009; Wiersma et al.,
2009).
Trauma type. Finally, sexual trauma was associated with a greater number and severity of
PTSD symptoms compared to non-sexual trauma, which is consistent with the prior evidence of
greater vulnerability towards PTSD and a range of other types of psychopathology in people with
a history of sexual trauma compared to other trauma types (Chen et al., 2010; DiMauro et al.,
2018; Keshet and Gilboa-Schechtman, 2019; Müller et al., 2018).
Section summary. Together, these results align with previous evidence that trauma
exposure is associated with mental health problems, and that trauma timing, trauma type, and
number of traumatic events are crucial factors that impact the psychological and clinical
outcomes of trauma, which emphasizes the need to consider these factors when assessing trauma
sequelae.
4.1.2 Lower basal SNS and HPA activity and greater HPA reactivity to a trauma
reminder are associated with poorer mental health outcomes in trauma-exposed women.
TE women as a group did not differ from NTE women in basal function of the sympathetic
nervous system (SNS), indexed by salivary alpha-amylase (sAA), or in basal function of the
hypothalamic-pituitary-adrenal (HPA) axis, indexed by cortisol. In addition, TE women showed
an SNS response but no HPA response to the trauma reminder. These results are consistent with
our previous work (Kleshchova et al., 2019; Yoon and Weierich, 2016) and that of others (e.g.,
Fogelman and Canli, 2018; Klaassens et al., 2012; Morris et al., 2012).
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Basal stress system activity. In TE women, lower basal levels of both salivary stress
biomarkers (sAA and cortisol) were associated with greater perceived stress. In addition, TE
women with lower basal sAA reported greater severity of PTSD symptoms and were more likely
to meet criteria for a provisional current PTSD diagnosis. TE women with lower basal sAA also
met criteria for more provisional lifetime psychiatric diagnoses and showed a trend towards more
provisional current psychiatric diagnoses other than PTSD. These results suggest that lower basal
SNS and HPA function is associated with poorer clinical outcomes in trauma-exposed people.
These results are partially consistent with the previous literature documenting a link between
early life adversity and basal HPA blunting (e.g., Bernard et al., 2017; Fogelman and Canli,
2018; Kuras et al., 2017; Van Voorhees et al., 2014; Wielaard et al., 2017). Although, counter to
our results, most prior research points to elevated basal SNS activity in trauma survivors (e.g.,
Hendrickson and Raskind, 2016; Keeshin et al., 2015; McTeague et al., 2010; Thoma et al.,
2012; Vigil et al., 2010), a recent study reported that women with a history of childhood
maltreatment and an eating disorder showed lower morning cortisol and sAA compared to
women with an eating disorder but no history of childhood maltreatment (Monteleone et al.,
2020).
Stress system reactivity to trauma reminders. Although TE women as a group did not show
an HPA response to a trauma reminder, in a subset of TE participants with available
neuroimaging and salivary data, greater HPA reactivity to a trauma reminder was associated with
greater perceived stress and a provisional current PTSD diagnosis. These results suggest that
greater HPA reactivity to trauma-related information is associated with poorer clinical outcomes
in trauma-exposed people. These results are partially consistent with the previous literature
linking early life trauma to HPA hyper-reactivity and negative outcomes. For example, history of
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early life adversity has been associated with greater cortisol responses to social stress in men
(Ouellet-Morin et al., 2019) and greater anticipatory cortisol reactivity in women (Mielock et al.,
2017). Moreover, greater cortisol reactivity moderated the relationship between childhood
maltreatment and internalizing problems in emerging adulthood (Hagan et al., 2004). Similarly,
concurrent psychopathology has been shown to moderate the relationship between maltreatment
and HPA reactivity, such that elevated HPA reactivity was observed in adults with a history of
maltreatment and concurrent psychopathology only (e.g., Suzuki et al., 2014).
Section summary. Together, these results suggest that basal SNS and HPA blunting along
with greater HPA reactivity to trauma-related information are associated with poorer clinical and
psychological outcomes in trauma-exposed women. In contrast, SNS reactivity, indexed by sAA
reactivity to a trauma reminder, was not associated with any of the psychological or clinical
outcomes, which suggests that sAA reactivity might be a less reliable index of long-term mental
health consequences of trauma exposure.
4.2 Does trauma exposure during development result in atypical functional brain maturity
in emerging adulthood?
4.2.1 Trauma exposure and trauma timing are not associated with brain maturity in
emerging adulthood.
Trauma exposure. Counter to our hypothesis, TE women as a group did not differ from
NTE women in the functional maturity of the brain as a whole or of any of the three network
clusters specifically. This result suggests that trauma exposure per se does not disrupt brain
development. Rather, the effect of traumatic stress on brain development is likely to depend on a
number of moderating factors, such as trauma timing, trauma type, and number of traumatic
events, among others.
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Trauma timing. Counter to our hypothesis, age at the earliest trauma was not associated
with either global or network-specific maturity in emerging adulthood. One interpretation of this
result is a non-linear relationship between trauma timing and brain maturation, which a linear
model would have failed to capture. Accordingly, our preliminary analyses showed a nonsignificant trend towards greater maturity of the brain as a whole and of sensory-motor networks
in particular in TE women with a history of child trauma compared to TE women with a history
of adolescent and/or adult trauma only (see Appendix, Section 5.3.2). However, when number of
traumatic events was included as a covariate, history of child trauma was no longer associated
with either global or sensory-motor network maturity.
These results suggest that trauma timing and number of traumatic events might have
complex and interactive effects on brain maturation, which we were unable to test due to our
relatively small sample size. For example, accelerated brain maturation might occur only when
the first trauma takes place in early childhood and is followed by additional traumatic events
throughout the formative years of development. This interpretation aligns with a recent study that
showed that exposure to multiple traumatic events during childhood is associated with greater
global brain maturity in adolescence (Gur et al., 2019). Conversely, people with a single
traumatic event early in life followed by relatively stress-free adolescence might be able to
recover and show normative brain maturity in emerging adulthood.
4.2.2 Number of traumatic events is associated with age-atypical global functional
brain maturity in emerging adulthood.
Partially consistent with our hypothesis, number of traumatic events was associated with
more age-atypical global brain maturity (i.e., greater deviation from age-appropriate brain
maturity, as indexed by greater absolute age prediction errors), even when trauma timing was
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included as a covariate. Similarly, number of traumatic events was associated with a nonsignificant trend towards more age-atypical maturity of the affective and cognitive networks, but
not sensory-motor networks. However, when trauma timing was included as a covariate, number
of traumatic events was not associated with either affective or cognitive network maturity. These
results suggest that exposure to multiple traumatic events during development might alter the
functional maturation of the brain as a whole and result in age-atypical global brain maturity in
emerging adulthood. These results are partially consistent with the previously reported
association between exposure to multiple traumatic events during childhood and greater global
brain maturity in adolescence (Gur et al., 2019). Further, the effect of the number of traumatic
events seems to be independent from the effect of early trauma on brain maturation and might in
fact be driving the latter, given that people who reported earlier trauma onset also tended to
report more traumatic events overall.
Although exposure to multiple traumas was associated with age-atypical global brain
maturity (i.e., greater absolute prediction errors), there was no association between number of
traumatic events and any directional deviations from age-appropriate global brain maturity (i.e.,
signed prediction errors). There are several potential explanations for these results. First, given
that global brain maturity was determined based on developmental trajectories of twelve distinct
networks, it is possible that traumatic stress has opposite effects on different networks, including
accelerated maturation of some and delayed maturation of others, thus producing an overall ageatypical global maturity in emerging adulthood. This interpretation can be tested in future studies
by considering the functional maturity of each network separately. Another explanation for a
group difference in absolute but not signed prediction errors is the presence of distinct subgroups
of individuals with lower and higher functional maturity within the TE group, which possibly
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indicate of distinct functional phenotypes. We tested this possibility by performing a number of
preliminary follow-up analyses (see Appendix, Section 5.2).
4.2.3 Sexual trauma is associated with age-atypical affective network maturity in
emerging adulthood.
Partially consistent with our hypothesis, TE women with a history of sexual trauma
showed more age-atypical affective network maturity (i.e., greater absolute prediction errors)
compared to TE women with a history of non-sexual trauma. There were no group differences in
the functional maturity of the brain as a whole or of the cognitive or sensory-motor networks
separately between TE women with a history of sexual vs. non-sexual trauma. These results
suggest that exposure to sexual trauma during the formative years of development might
specifically alter the maturational trajectory of the neural circuitry involved in threat detection,
affective processing, and stress system regulation. Together with our observation of greater
PTSD symptom number and severity in TE women with sexual trauma, this result underscores
the special status of sexual trauma compared to other trauma types. Specifically, sexual trauma
might have particularly enduring effects on the development of affective neurocircuitry, as well
as adverse mental health outcomes in emerging adulthood.
4.2.4 Follow-up analyses: Lesser affective network maturity as a vulnerable
phenotype.
Our main analyses revealed associations between trauma characteristics and absolute
prediction errors (i.e., age-atypical functional brain maturity), but not signed prediction errors.
One interpretation of a group difference in absolute but not signed prediction errors is the
existence of distinct subgroups of individuals with lower and higher functional maturity within
the TE group, possibly indicative of vulnerable vs. resilient phenotypes. To test this hypothesis,
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we performed preliminary follow-up analyses of interactions between adverse trauma outcomes
and trauma characteristics on functional brain maturity, indexed by signed prediction errors (see
Appendix, Section 5.2.1).
4.2.4.1 Preliminary follow-up analysis: Interactions between trauma exposure and
outcomes on affective network maturity.
Our main analyses revealed that trauma exposure was associated with a non-significant
trend towards lower absolute but not singed prediction errors for the affective networks (i.e.,
more age-appropriate affective network maturity). To identify the presence of phenotypically
distinct subtypes within the TE group, we tested interactions between trauma outcomes and
trauma exposure on affective network maturity (see Appendix, Section 5.2.1.1). Our follow-up
analyses showed an interaction between trauma exposure and basal SNS activity on affective
network maturity in emerging adulthood. Specifically, in TE women, lower affective network
maturity was associated with lower basal sAA, which was in turn associated with adverse
clinical outcomes in TE women. In contrast, in NTE women, lower affective network maturity
was associated with greater basal sAA.
These preliminary results suggest that affective network immaturity in emerging adulthood
might indicate a vulnerable phenotype, which is associated with basal SNS blunting and poor
clinical outcomes in TE women. This result is consistent with the hypothesis that accelerated
maturation of the neural circuitry involved in affect regulation has adaptive value in people
exposed to early life adversity (e.g., Callaghan and Tottenham, 2016; Gee et al., 2013a).
Conversely, failure to implement this compensatory accelerated maturation might result in stress
system dysregulation and poorer clinical outcomes in emerging adulthood.
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4.2.4.2 Preliminary follow-up analysis: Interactions between number of traumas and
outcomes on functional brain maturity.
Our main analyses revealed an association between number of traumatic events and
absolute but not signed prediction errors for the brain as a whole and the cognitive and affective
networks in particular (i.e., more age-atypical functional brain maturity). To identify any
phenotypically distinct TE subgroups, we tested interactions between trauma outcomes and
number of traumatic events on functional brain maturity, indexed by signed prediction errors (see
Appendix, Section 5.2.1.2). Follow-up analyses did not reveal any interactions between any of
the clinical or physiological outcomes and number of traumatic events on either global or
cognitive network maturity. However, there was a trend-level interaction between number of
traumatic events and number of provisional lifetime psychiatric diagnoses on affective network
maturity. Specifically, in TE women with a history of multiple traumatic events, lower affective
network maturity was associated with a greater number of provisional lifetime psychiatric
diagnoses. In contrast, in TE women with a single trauma, there was no relationship between
number of provisional lifetime diagnoses and affective network maturity. Further, in TE women
with no provisional lifetime psychiatric diagnoses, number of traumatic events was positively
associated with affective network maturity, whereas in TE women with multiple provisional
lifetime psychiatric diagnoses, number of traumatic events was negatively associated with
affective network maturity.
These preliminary results further support the hypothesis that relative immaturity of the
affective networks in emerging adulthood is a vulnerability marker in trauma-exposed women,
which is associated with more mental health problems during development. In contrast, greater
affective network maturity might constitute an adaptation or a protective factor in trauma-

122

exposed women. Of note, the relationship between affective network maturity and mental health
outcomes was most apparent in women with a history of multiple traumatic events during
development rather than a single trauma. This suggests that the potentially protective vs.
deleterious effects of affective network maturity on mental health tend to manifest themselves
when a person is exposed to greater challenge, such as repeated traumatization early in life.
4.2.4.3 Preliminary follow-up analysis: Interactions between trauma type and
outcomes on affective network maturity.
Our main analyses revealed that sexual trauma was associated with greater absolute but not
signed prediction errors for the affective networks (i.e., more age-atypical affective network
maturity). To identify any phenotypically distinct TE subgroups, we tested interactions between
trauma outcomes and trauma type on affective network maturity, indexed by signed prediction
errors (see Appendix, Section 5.2.1.3). Follow-up analyses revealed an interaction between
trauma type and number of current psychiatric diagnoses on affective network maturity.
Specifically, in TE women with a history of sexual trauma, lower affective network
maturity was associated with a greater number of provisional current psychiatric diagnoses. In
contrast, there was no relationship between affective network maturity and number of current
psychiatric diagnoses in TE women with non-sexual trauma. These preliminary results provide
additional support for the hypothesis that affective network immaturity in emerging adulthood
constitutes a vulnerable phenotype, which is associated with adverse clinical outcomes of trauma
exposure. In contrast, greater affective network maturity might constitute an adaptation that
protects against trauma-related mental health problems. Of note, the relationship between
affective network maturity and mental health outcomes was moderated by trauma type.
Specifically, the protective vs. deleterious effects of affective network maturity on mental health
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are most apparent in women with a history of sexual rather than non-sexual trauma, which was in
turn associated with more trauma-related symptoms.
Section summary. In summary, our preliminary follow-up analyses show that lower
affective network maturity in emerging adulthood is associated with adverse clinical outcomes
and blunted SNS activity in trauma-exposed women, particularly those who were exposed to
multiple traumatic events and sexual trauma during development. These results suggest that
affective network immaturity in emerging adulthood might constitute a vulnerability marker,
whereas greater affective network maturity might confer adaptive advantage, particularly in
trauma-exposed women with sexual trauma and multiple traumatic events. This conclusion
aligns with previous research linking greater brain maturity, particularly greater maturity of the
affect-related cortico-limbic circuitry, with positive outcomes, such as lower internalizing
symptoms and separation anxiety (Gee et al., 2013a; Callaghan and Tottenham, 2016; Swartz et
al., 2014), and delayed maturation with negative outcomes, such as greater psychiatric symptoms
(Albaugh et al., 2017; Ducharme et al., 2014; Tyborowska et al., 2018; Vanes et al., 2020;
Whittle et al., 2016).
4.3 Does atypical brain maturity moderate the relationship between trauma exposure
during development and adverse outcomes in emerging adulthood?
4.3.1 Functional brain maturity is associated with number of psychiatric diagnoses
and stress system function in emerging adulthood.
Global brain maturity. To determine the functional significance of global and networkspecific functional maturity, we tested associations between functional brain maturity and trauma
outcomes. Consistent with our hypothesis, more age-atypical global brain maturity was
associated with a greater number of provisional current psychiatric diagnoses. In addition,
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greater global brain maturity, in particular, was associated with greater cortisol reactivity to a
trauma reminder, which was in turn associated with greater perceived stress and a provisional
PSTD diagnosis. In addition to greater maturity of the brain as whole, greater maturity of the
cognitive and sensory-motor but not affective networks was also associated with greater cortisol
reactivity to a trauma reminder. These results suggest that altered global brain development,
particularly in the direction of accelerated maturation, is associated with adverse clinical
outcomes and elevated HPA reactivity in trauma-exposed people in emerging adulthood.
Affective network maturity. In addition, lower affective network maturity in TE women
was associated with lower basal sAA, which was in turn linked to adverse clinical outcomes,
including greater perceived stress, greater PTSD symptom severity, and more lifetime
psychiatric diagnoses. This result suggests that delayed maturation of neural circuits involved in
affective processing and stress response regulation is associated with blunted basal SNS activity
in young women with a history of trauma during development.
Section summary. In summary, our results point to two distinct neurodevelopmental
processes in trauma-exposed people: 1) a global shift towards accelerated maturation, which is
associated with elevated HPA reactivity to trauma reminders, and 2) a delay in maturation of the
affective networks, which is associated with blunted basal SNS activity in emerging adulthood.
These results shed light on some of the discrepancies in the literature with reports of both
accelerating (Gee et al., 2013a; Gur et al., 2019; Tyborowska et al., 2018; Whittle et al., 2013)
and delaying (Hanson et al., 2015a; Tyborowska et al., 2018; Whittle et al., 2013; Whittle et al.,
2016) effects of early life adversity on brain maturation. These results also align with the idea
that trauma exposure might have distinct effects on the two main neuroendocrine stress systems:
the SNS and HPA axes (e.g., Agorastos et al., 2018).
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Although our cross-sectional study design does not permit us to determine the causality of
the association between brain maturity and stress system activity, prior research shows that
exposure to elevated levels of SNS and HPA hormones during development disrupts the
processes of myelination, neuronal cell loss, and synaptic pruning (e.g., Bath et al., 2016;
McCormick and Green, 2013; Ono et al., 2008; Tsoory et al., 2010). Similarly, elevated cortisol
in childhood has been shown to mediate the relationship between early life adversity and altered
maturity of cortico-limbic circuitry in childhood and adolescence (Burghy et al., 2012; Gee et al.,
2013a; Herringa et al., 2013). Thus, our results align with the hypothesis that early engagement
of the neuroendocrine stress systems due to early life trauma might have long-term effects on
neurodevelopment and neuroendocrine function in emerging adulthood (e.g., Berens et al., 2017;
Chiang et al., 2015; Hall et al., 2015; Kuhlman et al., 2017; Raymond et al., 2018). Conversely,
altered maturation of the brain as a whole and the neural circuitry involved in stress response
regulation specifically might contribute to the onset or maintenance of neuroendocrine
dysregulation later in life (e.g., Agorastos et al., 2018).
4.3.2 Functional brain maturity moderates the relation between early trauma and
psychiatric diagnoses as well as stress system function in emerging adulthood.
Counter to our hypothesis, functional brain maturity did not moderate the relations between
trauma exposure or trauma type and trauma outcomes in emerging adulthood. However,
functional brain maturity did moderate the relation between trauma timing and trauma outcomes,
as well as the relation between number of traumatic events and trauma outcomes.
Younger age at the earliest trauma was associated with greater perceived mood, but not
with number of current psychiatric diagnoses or stress system function. However, the
relationship between age at the earliest trauma and number of current psychiatric diagnoses as
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well as between age at the earliest trauma and stress system function was moderated by global
brain maturity.
Current psychiatric diagnoses. Consistent with our hypothesis, age-atypical global brain
maturity was associated with a greater number of current psychiatric diagnoses other than PTSD
in TE women. In addition, there was an interaction between age-atypical global maturity and age
at the earliest trauma on the number of provisional current psychiatric diagnoses. Specifically, in
TE women with more age-atypical global brain maturity, age at the earliest trauma was
negatively associated with number of provisional current psychiatric diagnoses. In contrast, in
TE women with more age-appropriate global brain maturity, trauma timing was not associated
with number of current psychiatric diagnoses. The interaction remained statistically significant
even when number of traumatic events was included as a covariate, suggesting that this effect is
driven by trauma timing primarily. Although in our TE sample, age at the earliest trauma was not
associated with number of current psychiatric diagnoses, previous literature supports a strong
link between earlier trauma onset and higher risk of mood, anxiety, and substance use disorders
later in life (e.g., Green et al., 2010; Hoppen and Chalder, 2018; McFarlane et al., 2005; Negriff
et al., 2019). Our results suggest that disrupted brain maturation, as evidenced by age-atypical
global brain maturity, might underpin the relationship between earlier trauma onset and adverse
mental health outcomes in emerging adulthood.
Basal SNS activity. Similarly, there was an interaction between age-atypical global brain
maturity and age at the earliest trauma on basal SNS activity. In TE women with more ageatypical global brain maturity, age at the earliest trauma was positively associated with basal
sAA. In contrast, in TE women with more age-appropriate global brain maturity, trauma timing
was not associated with basal sAA. This interaction became a non-significant trend when
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number of traumatic events was included as a covariate, suggesting interactive effects between
trauma timing and number of traumatic events on the relation between brain maturity and basal
SNS activity. These results indicate that in TE women with more age-atypical global brain
maturity, younger age at the earliest trauma is associated with lower basal sAA, which is an
index of adverse clinical outcomes, including perceived stress, PTSD symptoms, and lifetime
psychiatric diagnoses. This result further supports the hypothesis that disrupted brain maturation
underlies the relationship between earlier trauma onset and poorer clinical and physiological
outcomes later in life, such as a greater number of psychiatric diagnoses and blunted basal SNS
activity.
Basal HPA activity. Finally, there was an interaction between global brain maturity and age
at the earliest trauma on basal HPA activity. In TE women with greater global brain maturity,
age at the earliest trauma was positively associated with basal cortisol, whereas in TE women
with lower global brain maturity, age at the earliest trauma was negatively associated with basal
cortisol. Conversely, in TE women with early trauma, global brain maturity was negatively
associated with basal cortisol, whereas in TE women with late trauma, global brain maturity was
positively associated with basal cortisol. However, this interaction was not statistically
significant when number of traumatic events was included as a covariate, suggesting that this
effect was largely driven by number of traumatic events rather than age at the earliest trauma
specifically.
Although there was no association between trauma timing and basal cortisol in our sample,
previous literature supports a link between early life trauma and blunted basal HPA activity (e.g.,
Bernard et al., 2017; Bosch et al., 2012; Monteleone et al., 2020; Trickett et al., 2010; Wielaard
et al., 2017). Our results suggest that accelerated global brain maturation might underlie the
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relation between earlier trauma onset and HPA blunting later in life. Further, lower basal cortisol
was associated with greater perceived stress in TE women, which is consistent with previous
research linking blunted HPA function with adverse outcomes (Galatzer-Levi et al., 2017; Morris
and Rao, 2013). Thus, our results provide additional support for the hypothesis that disrupted
neurodevelopment, specifically accelerated maturation of the brain as a whole, underpins the
association between early life trauma and HPA dysregulation in emerging adulthood. In addition,
our results suggest that disrupted neurodevelopment might be a potential source of heterogeneity
in the literature on HPA function in trauma-exposed people. Specifically, in our sample, trauma
timing was positively associated with basal cortisol in TE women with greater global brain
maturity and negatively in TE women with lower global brain maturity. Thus, previous studies
that reported relationships between earlier trauma and higher basal cortisol later in life might
have had a greater proportion of TE people with lower brain maturity in their sample.
Section summary. In summary, in TE women with more age-atypical global brain maturity,
earlier trauma onset was associated with a greater number of psychiatric diagnoses and blunted
basal SNS activity in emerging adulthood. In addition, in TE women with greater global brain
maturity, earlier trauma onset was associated with blunted basal HPA activity in emerging
adulthood. Together, these results suggest that disrupted maturation of the brain as a whole,
particularly in the direction of accelerated maturation, might underlie the link between early life
trauma and adverse clinical outcomes and neuroendocrine stress system dysregulation in
emerging adulthood.
4.3.3 Functional brain maturity moderates the relation between number of traumatic
events and number of psychiatric diagnoses in emerging adulthood.
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Global brain maturity. In TE women, both number of traumatic events and age-atypical
global brain maturity were associated with number of provisional current psychiatric diagnoses
other than PTSD. In addition, there was an interaction between number of traumatic events and
global brain maturity on number of provisional current psychiatric diagnoses. In TE women with
greater global brain maturity, number of traumatic events was positively associated with number
of provisional current psychiatric diagnoses. In contrast, in TE women with lower global brain
maturity, number of traumatic events was negatively associated with number of provisional
current psychiatric diagnoses. This interaction remained statistically significant even when
trauma timing was included as a covariate, suggesting that this result is driven by the cumulative
effects of traumatic stress. These results suggest that greater global maturity might be a
vulnerability factor that predisposes trauma survivors to adverse psychiatric outcomes in
emerging adulthood. Conversely, lower global brain maturity might have a protective effect and
confer resilience to mental health problems in trauma-exposed people. Of note, the functional
significance of global brain maturity is most pronounced in people with multiple traumatic
events rather than a single trauma, suggesting that the hypothesized protective vs. deleterious
effects of global brain maturity might manifest themselves only upon exposure to greater
challenge.
Cognitive network maturity. Similarly, there was an interaction between number of
traumatic events and age-atypical cognitive network maturity on number of provisional current
psychiatric diagnoses. The interaction remained statistically significant even when trauma timing
was included as a covariate. In TE women with more age-atypical cognitive network maturity,
number of traumatic events was positively associated with number of provisional current
psychiatric diagnoses. In TE women with more age-appropriate cognitive network maturity,
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number of traumatic events was negatively associated with number of provisional current
psychiatric diagnoses. This result is also consistent with the interpretation that age-atypical brain
maturity, particularly that of the cognitive networks, is a vulnerability factor, whereas more ageappropriate brain maturity might confer resilience to adverse mental health outcomes following
exposure to multiple traumatic events.
Section summary. In TE women with a history of multiple traumatic events during
development, greater global brain maturity and more age-atypical cognitive network maturity
were associated with a greater number of psychiatric diagnoses in emerging adulthood, whereas
lower global brain maturity and more age-appropriate cognitive network maturity were
associated with fewer psychiatric diagnoses in emerging adulthood. These results suggest that
accelerated maturation of the brain as a whole might predispose people with a history of multiple
traumatic events during development towards adverse clinical outcomes. In contrast, a longer
period of immaturity, as indexed by lower global brain maturity in emerging adulthood, might
indicate resilience to mental health problems in people with a history of multiple traumatic
events. Although speculative, due to the cross-sectional nature of our study, one plausible
interpretation of these results is that exposure to multiple traumas early in life produces a global
shift in the rate of brain development towards accelerated maturation in people with a susceptible
phenotype (e.g., due to family psychiatric history or other genetic risk factors), which then
confers vulnerability to adverse mental health outcomes later in life. Accordingly, trauma
survivors that do not show accelerated maturation following exposure to multiple traumatic
events (e.g., due to protective factors, such a favorable genetic background) are resilient to
mental health problems later in life.
4.4 Measurement of normative maturation of the functional connectome.
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We used support vector regression (SVR), a machine learning algorithm well suited for
high-dimensional data, such as the human functional connectome (Nielsen et al., 2019; Smola
and Schölkopf, 2004; Vapnik, 1995), to build four normative models of functional brain
development from age 6 to 45: one for the brain as a whole and three for the cognitive, affective,
and sensory-motor network clusters. We achieved the best predictive performance based on 1000
global and 500 network-specific age-related features using a linear kernel SVR. All four SVR
models (1 global and 3 network-specific) were statistically significant at p < 0.001. None of the
four models were able to predict individual framewise displacement based on functional
connectivity (R2 ranging from 0.04 to 0.21, p-values ranging from 0.88 to 0.99), suggesting that
the performance of our age-predicting models was not driven by age-related differences in head
motion.
The cross-validation root-mean-square errors (RMSE) for the four SVR models ranged
from 3.78 (cognitive networks) to 4.86 (sensory-motor networks), and the R2 for the four models
ranged from 0.83 (sensory-motor networks) to 0.90 (cognitive networks). These prediction errors
and R2 values are consistent with previous lifespan studies that used a range of machine learning
algorithms to predict brain age based on various neuroimaging modalities and feature sets
(Franke et al., 2020). In addition, our four models showed similar performance on no-trauma
controls from the training (NKI-RS data) dataset and the test dataset, suggesting good
generalizability, such that any differences between the two no-trauma datasets (e.g., differences
in data acquisition protocols or participant cohorts) did not impact the performance of the age
prediction models. In contrast to previous studies that used SVR to predict brain age based on the
functional connectome using a Gaussian kernel (Dosenbach et al., 2010; Nielsen et al., 2019),
Gaussian kernel SVR had the worst performance, whereas linear SVR had the best performance
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on our data. Similarly, the C and epsilon parameters used in previous studies (C = infinity,
epsilon = 0.00001; Dosenbach et al., 2010; Nielsen et al., 2019) produced suboptimal prediction
accuracy on our data. In contrast to previous studies of functional connectome maturation which
reported R2 < 0.6 (Dosenbach et al., 2010; Nielsen et al., 2019; Tian et al., 2016), we were able to
achieve a predictive performance in the range of R2 = 0.83-0.90.
In contrast to a previous report of a non-linear trajectory of the functional connectome
maturation from age 7 to 30 (Dosenbach et al., 2010), the relationship between predicted and true
age in our data was best described by a linear model with only a marginal improvement of 0.005
in R2 for the three common non-linear growth models (quadratic, Von Bertalanffy with yintercept, or Pearl-Reed models; see Appendix, Section 5.4). This result is consistent with a
previous study that reported a linear relationship between chronological age and age predicted
based on resting-state functional connectivity from age 18 to 45 (Tian et al., 2016). Thus, in
contrast to the previously suggested age of maximal functional brain maturity around 22 years, at
which prediction accuracy plateaus (Dosenbach et al., 2010), our results suggest that the age at
maturity might in fact occur later in life, consistent with reports of protracted structural brain
maturation that continues into the fourth or even early fifth decade of life (e.g., Grydeland et al.,
2013; Lebel et al., 2012; Narvacan et al., 2017). Together, these results indicate that the choice of
machine learning parameters and other methodological differences, such as data preprocessing,
feature selection, and participant age range, might influence the resulting shape of the brain
maturation trajectory. Number of participants used to train the machine learning algorithm is
another important factor, as greater amount of training data generally improves prediction
accuracy.
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The maturational trajectories of the brain as a whole and of the cognitive, affective, and
sensory-motor network clusters separately were remarkably similar, suggesting that maturation
of the functional brain architecture involves widespread changes across the entire functional
connectome, including both higher-order and sensory-motor networks. Consistent with this
conclusion, age prediction for the brain as a whole was largely driven by the frontoparietal,
default mode, cingulo-opercular, secondary visual, and somatomotor networks. This result aligns
with previous reports of protracted development of the higher-order networks but also suggests
that developmental changes in the functional connectivity of sensory-motor networks also
continue into adulthood, consistent with recent evidence (e.g., Kaufmann et al., 2017; Petrican et
al., 2017; Tian et al., 2016; Váša et al., 2020).
Most functional connections that showed greater connectivity with age (i.e., positive
edges) belonged to the secondary visual, somatomotor, and cingulo-opercular networks. In
contrast, most functional connections that showed lower connectivity with age (i.e., negative
edges) belonged to the frontoparietal and default mode networks. Most positive edges were
between the somatomotor and secondary visual networks, suggesting greater integration of
sensory-motor networks. In contrast, most negative edges were between the frontoparietal and
most other networks, as well as between the default mode network and the primary and
secondary visual cortices, suggesting greater segregation of higher-order networks and sensorymotor networks. In general, sensory-motor networks, including the primary and secondary
visual, somatomotor, and auditory networks, as well as the cingulo-opercular network (i.e.,
salience network), formed more positive than negative edges, suggesting strengthening of
connectivity with age, which is partially consistent with prior reports (e.g., Marek et al., 2015).
In contrast, higher-order cognitive networks, including the frontoparietal, default mode,
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language, posterior multimodal, and orbito-affective networks, formed more negative than
positive edges, suggesting decreasing connectivity with age, which aligns with prior evidence
(e.g., Chai et al., 2014; Barber et al., 2013; Petrican et al., 2017).
Consistent with a recent report (Nielsen et al., 2019), we did not find support for the
hypothesis that functional brain maturation is characterized by a general decrease in the strength
of short-range connections and increase in the strength of long-range connections, which
dominated the older literature (Dosenbach et al., 2010; Menon, 2013; Supekar et al., 2009; Uddin
et al., 2010). This conclusion was largely based on older studies that failed to adequately account
for head motion, which is now known to artificially inflate short-range connectivity and reduce
long-range connectivity (e.g., Power et al., 2014; Satterthwaite et al., 2012). Given that head
motion shows a strong association with age, distance-dependent effects of age on functional
connectivity have been shown to be an artifact of age-related difference in head motion (Power
et al., 2014; Satterthwaite et al., 2012). When head motion is rigorously controlled for, the
distance-dependent effects of age become either greatly attenuated (Satterthwaite et al., 2013) or
eliminated altogether (Chai et al., 2014; Nielsen et al., 2019), which is consistent with our
results.
4.5 Limitations and future directions
Our study has several limitations. First, given the relatively small sample size, these results
should be considered preliminary and serve to inform future research. For example, we identified
distinct subgroups of trauma-exposed people with vulnerable vs. resilient phenotypes. Failure to
acknowledge the existence of distinct functional phenotypes among trauma survivors might have
contributed to the heterogeneity in neural and neuroendocrine trauma sequelae reported in the
literature. In addition, our results emphasize the importance of considering the potential impact
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of trauma characteristics, such as trauma timing, trauma type, and number of traumatic events,
on trauma outcomes, as failure to do so can obscure meaningful relationships. Although we were
unable to test complex interactions between trauma characteristics, given our relatively small
sample size, future studies with larger samples should attempt to disentangle the relative
contributions of distinct trauma attributes, such as trauma timing, type, duration, and severity on
the neural and clinical trauma outcomes. Additionally, our results highlight the importance of
considering the effects of trauma on the development of distinct neural circuits separately, as
traumatic stress might have opposing effects on the global and network-specific maturational
trajectories. An additional limitation is our focus on women specifically, given the welldocumented gender differences in brain development (e.g., Alarcón et al., 2015), stress system
function (e.g., Bale and Epperson, 2015), and vulnerability to mental health problems (e.g.,
Breslau, 2009). Future work is needed to test the neurodevelopmental mechanisms of adverse
trauma outcomes in men.
Another limitation of our study is its cross-sectional nature which precludes any
longitudinal claims or conclusions regarding the order or causality of trauma effects on
neurodevelopment and functional outcomes (Kraemer et al., 2000). For example, the observed
interactions between greater global brain maturity and number of psychiatric diagnoses in people
with a history of multiple traumas could be interpreted in at least two different ways. One
interpretation is that repeated traumatization accelerates brain development, which then
predisposes towards adverse mental health outcomes in adulthood. However, an alternative
interpretation is that accelerated brain maturation is an outcome rather than a cause of traumarelated psychopathology (Muetzel et al., 2018). Additionally, we identified associations between
neuroendocrine stress system activity and functional brain maturity in emerging adulthood which
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were moderated by trauma exposure. However, it is not clear whether neuroendocrine stress
system dysregulation is a cause or an effect of disrupted neurodevelopment. These possibilities
cannot be distinguished with certainty based on cross-sectional studies.
An additional implication of our cross-sectional design is our inability to capture the entire
neurodevelopmental trajectory. For example, any trauma-induced deviations from normative
maturation that were corrected prior to enrollment in the study would have been undetectable.
However, developmental deviations that become rectified earlier are unlikely to contribute to
psychological problems in emerging adulthood. Similarly, given that brain maturation continues
beyond our cut-off age of 29 into the 5th decade of life (e.g., Grydeland et al., 2013; Lebel et al.,
2012), some trauma-exposed people might eventually “catch up” to the normative maturational
trajectory, either spontaneously or with the help of specific interventions. For example, if ageatypical maturity is in fact an outcome rather than a cause of trauma-related psychopathology
(e.g., Muetzel et al., 2018), interventions that target trauma-related symptoms might also
contribute to the normalization of the neurodevelopmental trajectory. Conversely, exposure to
additional trauma in emerging adulthood might further exacerbate stress-related deviations from
normative maturation. Another possibility is that traumatic stress during development shifts the
entire maturational trajectory of the brain towards an earlier or later transition from development
to aging. Longitudinal studies are necessary to clarify the effects of traumatic stress on the
neurodevelopmental trajectory, as well as test the potential of different interventions to correct
any trauma-related deviations from normative development.
Another avenue for future work concerns the relationship between structural and functional
brain maturity. Our results suggest that the vulnerable phenotype among trauma-exposed women
includes greater functional maturity of the brain as a whole and lesser functional maturity of the
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affective networks. However, whether these deviations from age-appropriate brain maturity are
mirrored in brain structure remains an open question. For example, it is possible that similar
developmental deviations are observable in both neuroanatomy and functional connectivity alike.
However, it is also possible that deviation from normative functional maturation occurs despite
normative structural maturation. To distinguish between these possibilities, one could train a
machine learning algorithm to predict age based on structural features, such as cortical thickness,
gray matter volume, and white matter integrity, and compare maturity estimates based on
neuroanatomy vs. functional connectivity. A related unanswered question pertains to the
cognitive and behavioral consequences of age-atypical functional connectome maturity. Given
that we estimated functional connectome maturity based on resting-state functional data, it is
unclear whether similar patterns of functional maturity hold during various cognitive and
affective tasks (e.g., working memory, executive control, threat detection, emotion regulation,
and reward processing), and relate to task performance. To answer this question, one could train
a machine learning algorithm to predict age based on task-based functional features, such as
task-based brain activation patterns and functional connectivity, and compare maturity estimates
based on resting vs. task-based data.
4.6 Summary and conclusions
Our primary aim was to test altered maturity of the functional connectome as a potential
mechanism that links trauma exposure during development to adverse clinical and physiological
outcomes in emerging adulthood. Counter to our hypothesis, trauma-exposed (TE) women and
no-trauma (NTE) controls showed similar functional maturity of the brain as a whole and of the
cognitive, affective, and sensory-motor networks separately. However, brain maturity in TE
women was associated with distinct trauma characteristics and outcomes. Specifically, number
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of traumatic events was associated with more age-atypical global brain maturity, whereas history
of sexual trauma was associated with more age-atypical affective network maturity in emerging
adulthood. These results suggest that exposure to multiple traumatic events during development
might alter the functional maturation of the brain as a whole, whereas exposure to early life
sexual trauma might specifically target the maturational trajectory of the neural circuitry
involved in threat detection, affective processing, and stress system regulation.
More age-atypical global brain maturity was in turn associated with a greater number of
psychiatric diagnoses in emerging adulthood and moderated the relationship between number of
psychiatric diagnoses and number of traumatic events. Specifically, in TE women with greater
global maturity, number of traumas was positively associated with number of psychiatric
diagnoses, suggesting that accelerated maturation of the brain as a whole might predispose
people with a history of multiple traumatic events during development towards adverse clinical
outcomes in emerging adulthood. In contrast, in TE women with lower global maturity, number
of traumas was negatively associated with number of psychiatric diagnoses, suggesting that
slower global brain maturation might indicate resilience to mental health problems in people
with a history of multiple traumas.
In addition, age-atypical global brain maturity moderated the relationship between age at
the earliest trauma and number of psychiatric diagnoses, as well as basal SNS and HPA activity.
Specifically, in TE women with more age-atypical global brain maturity, earlier trauma onset
was associated with a greater number of psychiatric diagnoses and blunted basal SNS activity in
emerging adulthood. Similarly, in TE women with greater global brain maturity, earlier trauma
onset was associated with blunted basal HPA activity in emerging adulthood. In addition, greater
global brain maturity was associated with greater cortisol reactivity to a trauma reminder. These
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results suggest that altered global brain development, particularly in the direction of accelerated
maturation, is associated with adverse clinical outcomes and basal stress system blunting in
emerging adulthood, particularly in trauma-exposed people with a history of early life trauma
and multiple traumatic events.
In addition, our preliminary follow-up analyses show that lower affective network maturity
in emerging adulthood is associated with adverse clinical outcomes, such as a greater number of
current and lifetime psychiatric diagnoses, and blunted basal SNS activity in trauma-exposed
women, especially those with a history of multiple traumatic events and sexual trauma during
development. These results suggest that affective network immaturity in emerging adulthood
might reflect a vulnerable phenotype, which is associated with poor clinical outcomes and basal
SNS blunting in TE women. In contrast, greater affective network maturity might confer
adaptive value and reflect a resilient phenotype in TE women with a history of multiple
traumatic events and sexual trauma.
In summary, our results suggest that traumatic stress during development might disrupt
brain maturation and result in age-atypical functional brain maturity in emerging adulthood.
However, the effects of trauma on neurodevelopment and mental health outcomes depend on
specific trauma characteristics, such as trauma timing, trauma type, and number of traumatic
events. In addition, vulnerability to adverse clinical and physiological outcomes in traumaexposed people seems to be related to two distinct processes: 1) a global shift towards
accelerated maturation, which is associated with elevated HPA reactivity to trauma reminders,
and 2) a delay in maturation of the affective circuits, which is associated with blunted basal SNS
activity in emerging adulthood. Further, trauma-related factors, such as trauma timing, trauma
type, and number of traumatic events, interact with global and affective network maturity to
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yield distinct clinical and physiological outcomes in emerging adulthood. Specifically, whereas
greater global maturity and lower affective-network maturity might indicate a vulnerable
phenotype, lower global maturity and greater affective-network maturity might indicate a
resilient phenotype, particularly in TE women with a history of sexual trauma and multiple
traumatic events early in life.
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5. Appendix
5.1 Potential confounds
5.1.1 Associations among trauma characteristics
Because certain trauma features tend to co-occur, we tested associations among trauma
characteristics, including timing of the earliest trauma, time since the most recent trauma, any
history of child trauma, any history of adolescent trauma, any history of adult trauma, trauma
type, and number of traumatic events. TE women who reported younger age at the earliest
trauma were also more likely to report more traumatic events (r = -0.31, p = 0.066). TE women
who reported more recent trauma were also more likely to report more traumatic events (r = 0.35, p = 0.037). There was no relation between age at the earliest trauma and history of sexual
trauma. There was no relation between age at the earliest trauma and time since the most recent
trauma. There was no relation between time since the most recent trauma and history of sexual
trauma (all p-values > 0.1).
TE women who reported any child trauma also reported more traumatic events, compared
to TE women who did not report any child trauma (t(33) = 2.15, p = 0.039, d = 0.75). TE women
who reported adolescent trauma were also more likely to report adult trauma, compared to TE
women who did not report any adolescent trauma (c2 = 8.64, p = 0.003). There was no difference
in number of traumas between TE women who reported any adolescent trauma and TE women
who did not. There was no difference in number of traumas between TE women who reported
any adult trauma and TE women who did not. There was no relation between history of sexual
trauma and history of child, adolescent, or adult trauma. There was no difference in number of
traumas between TE women who reported sexual trauma compared to TE women who reported
non-sexual trauma (all p-values > 0.1).
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5.1.2 Associations between functional brain maturity and chronological age
Chronological age at the time of the study was inversely associated with global brain
maturity (r = -0.55, p = 0.001), cognitive network maturity (r = -0.51, p = 0.001), affective
network maturity (r = -0.47, p = 0.001), and sensory-motor network maturity (r = -0.47, p =
0.001), indexed by signed age prediction errors. These results suggest that our algorithm tends to
overestimate the functional brain maturity of younger participants and underestimate the
functional maturity of older participants. Therefore, we included chronological age as a covariate
of no interest in subsequent analyses involving signed prediction errors.
Chronological age was inversely associated with deviations from age-appropriate global
brain maturity (r = -0.29, p = 0.044), cognitive network maturity (r = -0.43, p = 0.002), and
affective network maturity (r = -0.28, p = 0.051), but not sensory-motor network maturity (r = 0.21, p = 0.151), indexed by absolute age prediction errors. These results suggest that our
algorithm tends to make more errors in predicting the age of younger participants based on
whole-brain connectivity and connectivity of the cognitive and affective networks. In contrast,
the algorithm’s age prediction accuracy for the sensory-motor networks is less related to
participants’ chronological age. Therefore, we included chronological age as a covariate of no
interest in subsequent analyses involving absolute prediction errors.
5.1.3 Confounds related to development and stress system function
We assessed several confound variables that have the potential to influence brain
development, including birth complications, atypical puberty onset, and possible developmental
delays, as reported by participants during the clinical interview (see Table 3). There were no
group differences between TE and NTE women in self-reported birth complications, timing of
developmental milestones, or onset of puberty (all p-values > 0.1).
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We assessed several confound variables that have the potential to influence stress system
reactivity, including the body-mass index (BMI), smoking, hormonal contraceptive use,
menstrual cycle regularity, menstrual cycle phase during the interview and the fMRI scan, time
since waking, and psychotropic substance use. There were no group differences between TE and
NTE women in BMI, time since waking on the day of the interview, smoking, hormonal
contraceptive use, or menstrual cycle regularity (all p-values > 0.1).
We estimated the approximate menstrual cycle phase during the clinical interview and the
fMRI scan based on the date of the last period for participants who reported a regular menstrual
cycle. There were no differences in the number of TE and NTE women who completed the
interview during the early follicular phase (i.e., days 1-7 of the menstrual cycle), late follicular
phase (i.e., days 7-14), early luteal phase (i.e., days 14-21), or late luteal phase (i.e., days 21-30).
There were no differences in the number of TE and NTE women who completed the fMRI scan
during the early follicular phase, late follicular phase, early luteal phase, or late luteal phase (all
p-values > 0.1).
Eight TE women (22%) and two NTE women (8%) reported using psychoactive
substances, including cannabis (5 TE, 2 NTE) and psychotropic medications (TE: 1 Zoloft, 1
Wellbutrin, 1 Lamictal, 1 Klonopin, 2 unknown anti-anxiety and sleep medications). There was
no group difference between TE and NTE women in psychotropic substance use (c2 = 2.0, p =
0.157).
5.1.3.1 Associations between confounds and trauma outcomes
We tested associations between trauma outcomes and confound variables that have the
potential to influence affect, symptoms, and stress system function, including time since waking
on the day of the clinical interview, psychotropic substance use, menstrual cycle regularity, and
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hormonal contraceptive use. Time since waking on the day of the interview was not associated
with depressed mood, perceived stress, state anxiety, negative state affect, or PTSD symptoms
(all p-values > 0.1).
Psychotropic substance use was not associated with depressed mood, perceived stress, state
anxiety, negative state affect, or PTSD symptoms (all p-values > 0.1). Psychotropic substance
use was associated with more provisional lifetime (t(57) = 2.32, p = 0.024), but not current (t(57)
= 1.18, p = 0.245) psychiatric diagnoses other than PTSD. Psychotropic substance use was
associated with probability of meeting criteria for at least one provisional current (c2 = 7.72, p =
0.005) or lifetime (c2 = 10.16, p = 0.001) psychiatric diagnosis other than PTSD.
There were no group differences in depressed mood, perceived stress, state anxiety,
negative state affect, or PTSD symptoms between women who reported a regular menstrual
cycle compared to those who did not (all p-values > 0.1). There were no group differences in
depressed mood, perceived stress, state anxiety, negative state affect, or PTSD symptoms
between women who reported hormonal contraceptive use compared to those who did not (all pvalues > 0.1).
5.1.3.2 Associations between confounds and salivary biomarkers of stress
We tested associations between salivary biomarkers of stress, including basal and reactive
sAA and cortisol, and potential confounds, including time since waking on the day of the clinical
interview, psychotropic substance use, menstrual cycle regularity, hormonal contraceptive use,
and BMI. Basal cortisol was inversely associated with time since waking (r = -0.29, p = 0.041).
Basal sAA was not associated with time since waking (r = 0.09, p = 0.582). In TE women,
neither sAA, nor cortisol reactivity was associated with time since waking (sAA: r = -0.27, p =
0.258; cortisol: r = 0.26, p = 0.196).
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There were no differences in basal cortisol or sAA between participants who reported
psychotropic substance use and those who did not. In TE women, psychotropic substance use
was associated with greater cortisol reactivity (t(24) = 2.26, p = 0.033). There were no
differences in sAA reactivity between TE participants who reported psychotropic substance use
and those who did not.
There were no differences in basal cortisol, basal sAA, cortisol reactivity, or sAA
reactivity between participants who reported a regular vs. irregular menstrual cycle. There were
no differences in basal cortisol or sAA between participants who reported hormonal
contraceptive use and those who did not. In TE women, hormonal contraceptive use was
associated with a non-significant trend towards greater sAA reactivity (t(18) = 2.04, p = 0.057).
There were no differences in cortisol reactivity between participants who reported hormonal
contraceptive use and those who did not. Neither basal cortisol, nor basal sAA was associated
with BMI. In TE women, neither sAA, nor cortisol reactivity was associated with BMI (all pvalues > 0.1).
5.1.3.3 Associations between confounds and functional brain maturity
We tested associations between each measure of global and network-specific functional
brain maturity (i.e., signed and absolute prediction errors) and confound variables that have the
potential to influence brain development, including self-reported birth complications, atypical
puberty onset, and possible developmental delays. Controlling for chronological age at the time
of the study, there were no associations between any measures of global or network-specific
functional brain maturity and any developmental confounds (all p-values > 0.1).
5.2 Follow-up analyses
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5.2.1 Trauma outcomes as moderators of the relations between trauma and functional
brain maturity
5.2.1.1 Moderation of the relation between trauma exposure and affective network
maturity
Our primary analyses revealed that TE women showed a non-significant trend towards
more age-appropriate affective network maturity than NTE women (i.e., lower absolute
prediction errors). However, there was no group difference in signed prediction errors for the
affective networks between TE and NTE women (see Section 3.3.1 of the main text). To probe
this result further, we tested trauma outcomes, including perceived stress, number of provisional
current and lifetime psychiatric diagnoses, and basal stress system function, as moderators of the
relationship between trauma exposure and affective network maturity, indexed by signed
prediction errors.
There were no interactions between trauma exposure and perceived stress, number of
provisional current or lifetime psychiatric diagnoses, or basal cortisol on affective network
maturity (all p-values > 0.1). However, there was an interaction between trauma exposure and
basal sAA on affective network maturity (controlling for chronological age: F(1,29) = 6.97, p =
0.013; controlling for chronological age and psychotropic substances: F(1,28) = 6.79, p = 0.015;
Figure 35). Basal sAA was positively associated with affective network maturity in TE women
and negatively in NTE controls.
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Figure 35. Interaction between trauma exposure and basal SNS activity on affective
network maturity. Basal sAA was positively associated with affective network maturity in TE
women, but negatively in NTE controls.
5.2.1.2 Moderation of the relation between number of traumatic events and functional
brain maturity
Our primary analyses revealed that number of traumatic events was associated with more
age-atypical global brain maturity, a non-significant trend towards more age-atypical cognitive
network maturity, and a non-significant trend towards more age-atypical affective network
maturity (see Section 3.3.3 of the main text). However, there were no associations between
number of traumatic events and any signed prediction errors. To probe these results further, we
tested trauma outcomes, including perceived stress, PTSD symptoms, number of provisional
current and lifetime psychiatric diagnoses, and stress system function, as moderators of the
relationship between number of traumatic events and global and network-specific maturity,
indexed by signed prediction errors.
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There were no interactions between number of traumatic events and perceived stress,
PTSD symptom number or severity, number of provisional current or lifetime psychiatric
diagnoses, or stress system function on global brain maturity (all p-values > 0.1). There were no
interactions between number of traumatic events and perceived stress, PTSD symptom number
or severity, number of provisional current or lifetime psychiatric diagnoses, or stress system
function on cognitive network maturity (all p-values > 0.1). There were no interactions between
number of traumatic events and perceived stress, PTSD symptom number or severity, number of
provisional current psychiatric diagnoses, or stress system function on affective network maturity
(all p-values > 0.1). However, there was a non-significant trend-level interaction between
number of traumatic events and number of provisional lifetime psychiatric diagnoses on affective
network maturity (controlling for chronological age: F(1,23) = 3.72, p = 0.066; Figure 36). In TE
women with a history of multiple traumatic events, greater number of provisional lifetime
diagnoses was associated with lower affective network maturity. In TE women with more
provisional lifetime diagnoses, greater number of traumatic events was associated with lower
affective network maturity. In TE women with fewer provisional lifetime diagnoses, greater
number of traumatic events was associated with greater affective network maturity.
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Figure 36. There was a non-significant trend-level interaction between number of
traumatic events and number of provisional lifetime psychiatric diagnoses on affective network
maturity. In TE women with a history of multiple traumatic events, greater number of
provisional lifetime diagnoses was associated with lower affective network maturity (left panel).
In TE women with more provisional lifetime diagnoses, greater number of traumatic events was
associated with lower affective network maturity. In TE women with no provisional lifetime
diagnoses, greater number of traumatic events was associated with greater affective network
maturity (right panel).
5.2.1.3 Moderation of the relation between trauma type and affective network
maturity
Our primary analyses revealed that TE women with a history of sexual trauma showed
more age-atypical affective network maturity compared to TE women with a history of nonsexual trauma. However, there was no group difference in signed prediction errors for the
affective networks between TE women with a history of sexual vs. non-sexual trauma (see
Section 3.3.4 of the main text). To probe this result further, we tested trauma outcomes,
including perceived stress, PTSD symptoms, number of provisional current and lifetime
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psychiatric diagnoses, and stress system function, as moderators of the relationship between
trauma type and affective network maturity, indexed by signed prediction errors.
There were no interactions between trauma type and perceived stress, PTSD symptom
number or severity, number of provisional lifetime psychiatric diagnoses, or stress system
function on affective network maturity (all p-values > 0.1). However, there was an interaction
between trauma type and number of current psychiatric diagnoses on affective network maturity
(controlling for chronological age: F(1,23) = 9.54, p = 0.005; Figure 37). In TE women with a
history of sexual trauma, greater number of provisional current diagnoses was associated with
lower affective network maturity. There was no relationship between number of current
diagnoses and affective network maturity in TE women with non-sexual trauma. In TE women
with more current psychiatric diagnoses, history of sexual trauma was associated with lower
affective network maturity. In TE women with fewer current diagnoses, history of sexual trauma
was associated with greater affective network maturity.
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Figure 37. Interaction between trauma type and number of current psychiatric diagnoses on
affective network maturity. In TE women with a history of sexual trauma, greater number of
provisional current diagnoses was associated with lower affective network maturity (left panel).
In TE women with more current psychiatric diagnoses, history of sexual trauma was associated
with lower affective network maturity. In TE women with no current diagnoses, history of sexual
trauma was associated with greater affective network maturity (right panel). There was no
relationship between number of current diagnoses and affective network maturity in TE women
with non-sexual trauma.
5.3 Additional analyses
5.3.1 History of any child, adolescent, or adult trauma and outcomes
Perceived stress. There was no difference in perceived stress between TE women who
reported any child trauma (n = 20) and those who did not (n = 15). There was no difference in
perceived stress between TE women who reported any adolescent trauma (n = 19) and those who
did not (n = 16). There was no difference in perceived stress between TE women who reported
any adult trauma (n = 19) and those who did not (n = 16; all p-values > 0.1).
Trauma symptoms. There were no differences in PTSD symptom number or severity or in
probability of a provisional current PTSD diagnosis between TE women who reported any child
trauma and those who did not. There were no differences in PTSD symptom number or severity
or in probability of a provisional current PTSD diagnosis between TE women who reported any
adolescent trauma and those who did not. There were no differences in PTSD symptom number
or severity or in probability of a provisional current PTSD diagnosis between TE women who
reported any adult trauma and those who did not (all p-values > 0.1).
Current psychiatric diagnoses. There were no differences in probability or number of
provisional current psychiatric diagnoses between TE women who reported any child trauma and
those who did not. There were no differences in probability or number of provisional current
psychiatric diagnoses between TE women who reported any adolescent trauma and those who
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did not. There were no differences in probability or number of provisional current psychiatric
diagnoses between TE women who reported any adult trauma and those who did not (all pvalues > 0.1).
Stress system function. There were no differences in basal or reactive sAA or cortisol
between TE women who reported any child trauma and those who did not. There were no
differences in basal or reactive sAA or cortisol between TE women who reported any adolescent
trauma and those who did not. There were no differences in basal or reactive sAA or cortisol
between TE women who reported any adult trauma and those who did not (all p-values > 0.1).
5.3.2 History of any child, adolescent, or adult trauma and functional brain maturity
TE women who reported history of child trauma (n = 16) showed a non-significant trend
towards greater global maturity (F(1,25) = 3.60, p = 0.069; controlling for number of traumatic
events: F(1,24) = 2.09, p = 0.162) and more age-atypical global maturity (F(1,25) = 3.36, p =
0.079; controlling for number of traumatic events: F(1,24) = 1.55, p = 0.226) compared to TE
women who did not report any history of child trauma (n = 12; Figure 38). Similarly, TE women
who reported history of child trauma showed a non-significant trend towards greater sensorymotor network maturity compared to TE women who did not report any history of child trauma
(F(1,25) = 3.82, p = 0.062; controlling for number of traumatic events: F(1,24) = 2.77, p =
0.109). There were no differences in other measures of network-specific maturity between TE
women who reported history of child trauma and those who did not (all p-values > 0.1).
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Figure 38. TE women with a history of child trauma showed a non-significant trend
towards greater global brain maturity (left panel) and greater sensory-motor network maturity
(right panel) compared to TE women without any history of child trauma. Error bars represent
standard errors of the mean.
There were no differences in any measures of global or network-specific brain maturity
between TE women who reported any adolescent trauma (n = 16) and those who did not (n =
12). There were no differences in any measures of global or network-specific brain maturity
between TE women who reported any adult trauma (n = 16) and those who did not (n = 12; all pvalues > 0.1).
5.3.3 Functional brain maturity as a moderator of the relations between any history
of child, adolescent, or adult trauma and outcomes
Perceived stress. We tested interactions between any history of child, adolescent, or adult
trauma and each measure of global and network-specific maturity on perceived stress. There was
a non-significant trend-level interaction between history of child trauma and deviation from ageappropriate affective network maturity on perceived stress (F(1,24) = 4.12, p = 0.054; controlling
for number of traumatic events: F(1,23) = 3.60, p = 0.070; Figure 39). In TE women with a
history of child trauma, greater perceived stress was associated with more age-appropriate
affective network maturity, whereas in TE women without any history of child trauma, greater
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perceived stress was associated with more age-atypical affective network maturity. In TE women
with more age-appropriate affective network maturity, history of child trauma was associated
with more perceived stress. In TE women with more age-atypical affective network maturity,
history of child trauma was associated with less perceived stress.
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Figure 39. Interaction between history of child trauma and age-atypical affective network
maturity on perceived stress. In TE women with a history of child trauma, greater perceived
stress was associated with more age-appropriate affective network maturity, whereas in TE
women without any history of child trauma, greater perceived stress was associated with more
age-atypical affective network maturity (left panel). In TE women with more age-appropriate
(i.e., less atypical) affective network maturity, history of child trauma was associated with more
perceived stress. In TE women with more age-atypical affective network maturity, history of
child trauma was associated with less perceived stress (right panel).
There was an interaction between history of adolescent trauma and deviation from ageappropriate cognitive network maturity on perceived stress (F(1,24) = 5.60, p = 0.026; Figure
40). In TE women with a history of adolescent trauma, greater perceived stress was associated
with more age-appropriate cognitive network maturity, whereas in TE women without any
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history of adolescent trauma, greater perceived stress was associated with more age-atypical
cognitive network maturity. In TE women with more age-appropriate cognitive network
maturity, history of adolescent trauma was associated with greater perceived stress. In TE
women with more age-atypical cognitive network maturity, history of adolescent trauma was
associated with lower perceived stress
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Figure 40. Interaction between history of adolescent trauma and age-atypical cognitive
network maturity on perceived stress. In TE women with a history of adolescent trauma, greater
perceived stress was associated with more age-appropriate cognitive network maturity, whereas
in TE women without any history of adolescent trauma, greater perceived stress was associated
with more age-atypical cognitive network maturity (left panel). In TE women with more ageappropriate (i.e., less atypical) cognitive network maturity, history of adolescent trauma was
associated with greater perceived stress. In TE women with more age-atypical cognitive network
maturity, history of adolescent trauma was associated with lower perceived stress (right panel).
Trauma symptoms. We tested interactions between any history of child, adolescent, or
adult trauma and each measure of global and network-specific brain maturity on number and
severity of PTSD symptoms. There were no interactions between history of child, adolescent, or
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adult trauma and any measures of brain maturity on number or severity of PSTD symptoms (all
p-values > 0.1).
Current psychiatric diagnoses. We tested interactions between any history of child,
adolescent, or adult trauma and each measure of global and network-specific brain maturity on
number of provisional current psychiatric diagnoses. There were no interactions between history
of child, adolescent, or adult trauma and any measures of global or network-specific maturity on
number of provisional current psychiatric diagnoses (all p-values > 0.1).
Stress system function. We tested interactions between history of child, adolescent, or adult
trauma and each measure of global and network-specific brain maturity on basal and reactive
sAA and cortisol. There was an interaction between history of child trauma and deviation from
age-appropriate affective network maturity on basal sAA (F(1,15) = 5.47, p = 0.034; controlling
for number of traumatic events: F(1,14) = 5.07, p = 0.041; Figure 41). In TE women with more
age-appropriate affective network maturity, history of child trauma was associated with lower
basal sAA. In TE women with a history of child trauma, more age-appropriate affective network
maturity was associated with lower basal sAA. There were no interactions between history of
child trauma and any of the brain maturity measures on cortisol or sAA reactivity (all p-values >
0.1).
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Figure 41. Interaction between history of child trauma and age-atypical affective network
maturity on basal SNS activity. In TE women with a history of child trauma, more ageappropriate affective network maturity was associated with lower basal sAA (left panel). In TE
women with more age-appropriate (i.e., less atypical) affective network maturity, history of child
trauma was associated with lower basal sAA (right panel).
There was an interaction between history of child trauma and global brain maturity on
basal cortisol (controlling for time since waking: F(1,17) = 5.45, p = 0.032 controlling for
number of traumatic events: F(1,16) = 1.89, p = 0.189). Similarly, there was an interaction
between history of child trauma and affective network maturity on basal cortisol (F(1,18) = 4.62,
p = 0.045; controlling for time since waking: F(1,17) = 4.13, p = 0.058; controlling for number
of traumatic events: F(1,16) = 14.03, p = 0.002). There was also a non-significant trend-level
interaction between history of child trauma and sensory-motor network maturity on basal cortisol
(controlling for time since waking: F(1,17) = 3.72, p = 0.071; controlling for number of
traumatic events: F(1,16) = 0.75, p = 0.398). In TE women without any history of child trauma,
greater global brain maturity was associated with higher basal cortisol. In contrast, in TE women
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with a history of child trauma, global brain maturity was not associated with basal cortisol
(Figure 42). Similarly, in TE women without any history of child trauma, greater sensory-motor
network maturity was associated with higher basal cortisol. In contrast, in TE women with a
history of child trauma, sensory-motor network maturity was not associated with basal cortisol.
Finally, in TE women without any history of child trauma, greater affective network maturity
was associated with higher basal cortisol. In contrast, in TE women with a history of child
trauma, affective network maturity was associated with lower basal cortisol.
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Figure 42. Interaction between history of child trauma and global brain maturity on basal
HPA activity. In TE women without any history of child trauma (i.e., adolescent or adult trauma
only), greater global brain maturity was associated with higher basal cortisol. In contrast, in TE
women with a history of child trauma, global brain maturity was not associated with basal
cortisol.
There was an interaction between history of adolescent trauma and deviation from ageappropriate global brain maturity on basal sAA (controlling for hormonal contraceptive use:
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F(1,14) = 7.43, p = 0.016). Similarly, there was a non-significant trend-level interaction between
history of adolescent trauma and deviation from age-appropriate sensory-motor network maturity
on basal sAA (controlling for hormonal contraceptive use: F(1,14) = 4.21, p = 0.059). In TE
women with more age-atypical global and sensory-motor network maturity, history of adolescent
trauma was associated with lower basal sAA (Figure 43). In TE women with a history of
adolescent trauma, more age-atypical global and sensory-motor network maturity was associated
with lower basal sAA. There were no interactions between history of adolescent trauma and any
of the brain maturity measures on basal or reactive cortisol or on sAA reactivity (all p-values >
0.1).
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Figure 43. Interaction between history of adolescent trauma and age-atypical global brain
maturity on basal SNS activity. In TE women with a history of adolescent trauma, more ageatypical global brain maturity was associated with lower basal sAA (left panel). In TE women
with more age-atypical global brain maturity, history of adolescent trauma was associated with
lower basal sAA (right panel).
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There was an interaction between history of adult trauma and deviation from ageappropriate global brain maturity on basal sAA (F(1,15) = 4.53, p = 0.050, controlling for
hormonal contraceptive use: F(1,14) = 6.10, p = 0.027). Similarly, there was an interaction
between history of adult trauma and deviation from age-appropriate sensory-motor network
maturity on basal sAA (F(1,15) = 4.55, p = 0.050, controlling for hormonal contraceptive use:
F(1,14) = 6.46, p = 0.023; Figure 44). In TE women without any history of adult trauma, more
age-atypical global and sensory-motor network maturity was associated with lower basal sAA. In
TE women with more age-atypical global and sensory-motor network maturity, no history of
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Figure 44. Interaction between history of adult trauma and age-atypical global brain
maturity on basal SNS activity. In TE women without any history of adult trauma, more ageatypical global brain maturity was associated with lower basal sAA (left panel). In TE women
with more age-atypical global brain maturity, no history of adult trauma was associated with
lower basal sAA (right panel).
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5.4 Normative models of functional connectome maturation
To determine the normative trajectory of functional connectome maturation, we plotted
each participant’s predicted age against true chronological age and used the Curve Fitting
Toolbox in Matlab to fit four different models to the data: a linear model (y = m + b*x), a
quadratic model (y = a*x2 + b*x + c), the Von Bertalanffy with y-intercept growth curve (y = a *
(1 - b * e-cx)), and the Pearl-Reed growth curve (y = a / (1 + b * e-cx)), given that the latter three
have been previously reported to fit the maturational trajectory of the functional connectome best
(Dosenbach et al., 2010). All four models had almost identical fits: linear R2 = 0.885; quadratic
adjusted R2 = 0.890; Pearl-Reed adjusted R2 = 0.889; Von Bertalanffy with y-intercept adjusted
R2 = 0.890 (see Figure 45).
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Figure 45. Estimated normative maturation trajectory of the functional connectome as a
whole. Plotted are individual cross-validation age predictions for the training dataset against true
chronological age. The four common growth models (linear, quadratic, Pearl-Reed, and Von
Bertalanffy with y-intercept) showed similar fits, with only a small improvement in R2 for the
non-linear models.
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